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Abstract: 

Sand is often produced simultaneously with oil, and gas, which causes a significant issue in the 
petroleum industry. Therefore, sand production in gas and oil extraction needs to be studied thoroughly 
as it can cause many problems. Three problems arise among all: reducing pressure, pipe obstruction, 
and erosion. The second is a complicated, impersonal process in which material is eliminated from the 
pipe by the replicated effect of sand particles. Consequently, the pipe undergoes an erosion process. 
Erosion in pipes can lead to failures in pipelines, economic damage, and environmental problems. Hence, 
it is crucial to identify the parameters which determine erosion events as well as modeling them. This 
article provides an overview of the essential factors causing erosion and an explanation of the current 
erosion equations. It also describes experimental, and mechanical models of pipe erosion prediction. 
Moreover, it explains the modeling of fluid erosion dynamics as a comprehensive fragmentation study 
method. Ultimately, potential limits and shortcomings regarding erosion are demonstrated. 

1 Introduction 

It is ubiquitous to extract sand from gas, and oil pipelines. Sand production can occur severe 
economic, and environmental damage. Sand production can cause erosion, dumping, occlusion in 
pipelines, sand scale erosion, erosion, and other problems. The way to deal with sand is to eradicate it 
with the help of sand screens, and gravel filters. Nonetheless, complex technical, and financial issues 
are involved in the elimination or control of sand production, especially in flood conditions. For instance, 
the sand screen cannot block the entry of small grains (less than 50 µm) from being driven along with 
gas or oil. These tiny particles can get through sand filters or obstruct the screen in other zones leads 
erosion at a high rate. This process can broaden the holes in the sieve, which allows larger particles to 
pass through, wear away the screen, and eventually fail. One of the vital outcomes of sand extraction is 
erosion. Sand erosion may give rise to equipment failure, pipe leakage, which leads to environmental 
damage. 

Hence, estimating the particle erosion rate is a valuable instrument to design, and pick up the 
facilities to avoid failure. However, the solid decomposition of gases and liquids is challenging to predict. 
Despite all sources used for researching erosion, the mechanisms of solid particles still are not thoroughly 
comprehended. Therefore, the researchers have presented different strategies. Overall, estimating 
erosion models can be categorized into three: experimental, and mechanical, and CFD. Since predicting 
erosion is complicated, most of the researchers are studying erosion using the combination of all. The 
primary purpose of this article is to provide all the details. The paper is categorized as in the following. 
Section 2 considers essential parameters for the warning of particle erosion and its effect. Section 3 is 
separated into various subsections, which commence with the review of accessible equations in the 
publications. Then, different practices, and mechanistic erosion prognostication models are discussed. 
In the end, CFD-based modeling of erosion is considered. In Section 4, an assessment of some of the 
investigated models is demonstrated. 
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2 Mechanism of solid particle erosion 

When the sand particles hit the metal's surface, some of the metal is removed. When the particles 
reach the surface, scars appear, and many researchers have studied these spots to elaborate the 
mechanism of erosion damage [1]. The erosion rate is mainly determined by the metal flexibility and the 
speed of the solid particles. Breakable materials are destroyed by the cracking mechanisms, while plant 
materials are crushed by scratch or deformation mechanisms (Fig.1) [2]–[4]. Pursuant to Finnie, the 
amount of surface material destroyed by solids in the liquid stream depends on the fluid flow conditions 
and the material removal mechanism. For pliant materials, it is possible to provide a means by which the 
removal of the material depends on the speed, and direction of the falling particles [5]. 

 
Fig. 1 - Graphics of erosion mechanism in pliant materials 

Finnie suggested that microtechnology leads to the degradation of pliant materials, and offered an 
accurate engineering model for ductile materials [6]. When the particles hit the flexible surface, it forms 
a crater, and subsequent particles accumulate around the hole, increasing its effectiveness. The 
cascading strokes remove the material that eventually accumulates. However, the model reduces particle 
precipitation with a more significant impact angle than experimental data. More researchers later 
discussed this limitation to elaborate particle erosion mechanisms of soft materials [7]–[10]. 

Unlike pliant materials, the mechanism of erosion in hard particles is known as brittle materials. 
Erosion of brittle materials is believed to be associated with crack formation [11]. When particles hit a 
fragile surface, lateral, and radial cracks are formed, and the final impact on this surface leads to grow 
the cracks. These cracks separate the target surface into small pieces and eliminate the particles when 
they hit the surface. The crack formation and diffusion continue to be the primary erosive mechanism for 
brittle materials [12]–[14]. Fig.2 shows a diagram of the wear mechanism of brittle materials. 
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Fig. 2 - Erosion mechanism in fragile materials: (a) expansion of cracks; (b) closure, and median of lateral cracks; 
(c) eroded crater formed 

2.1 Parameters in predicting solid particle erosion 
The erosion mechanism of a solid is affected by several factors with simultaneous presents. In 

order to develop a precise erosion model or accurately predict erosion, appropriate parameters for the 
erosion process must be defined [15]. 

Several models have been proposed to predict pipeline disruption based on these criteria. In 
addition, Meng frequently mentioned parameters among the different erosion correlations found in the 
literature [16]. Nevertheless, Clarke defined the following parameters that are most important in particle 
collision erosion which include Particle properties (size, shape, material), particle impact velocity, particle 
impact angle, carrier fluid properties, target wall properties, and particle concentration, etc. [17], [18]. 

2.2 Empirical estimates of pipeline erosion 
Application 14E, API RE 14E, proposed by the American Petroleum Institute [19], is one of the first 

empirical equations used to estimate erosion rates in the oil, and gas industry. According to Clurey, and 
Shirazi, this procedure demonstrates that erosion rate can be used in the absence of specific knowledge 
of fluid erosion [20]. In other words, the process determines the rate of production at which only an 
acceptable amount of wear occurs the erosion rate is determined according to the correlation given in 
equation (1). 

𝑉𝑒 =
𝐶1

√𝜌𝑚

 (1) 

Where; 𝑉𝑒 is the erosional velocity, 𝐶1 is an empirical constant, and 𝜌𝑚 is the fluid mixture density. 

The usage of this application is elaborated by its ease of use, and the lack of other methods 
available [22]. However, this correlation is unsuitable for systems where sand and other solids are 
expected to be produced. This is because it indicates that the velocity limit may be higher at lower liquid 
density. Meanwhile, high-density liquid sand causes more erosion than common density gases [23]. 

Therefore, Fixed 𝐶1 values for continuous, and intermittent operation in solids-free liquid systems are 

100, and 125, respectively. API RE 14E suggests a reduction in factor C in the presence of particles, and 
corrosive conditions for the application of this reduction [24], [25]. 

Some researchers have proposed different values for C in equation (1) because the equation has 
shown that it is easy to use, and conservative even for clean tasks such as liquid droplets. However, for 
primitive services, some essential parameters, including particle size, and shape, and performance, and 
impact properties, were not included in the correlation. 

The equation predicts a high rate of erosion as the density of the liquid mixture decreases, so it is 
non-physical. As the density of the fluid decreases, the drag on the particles decreases, causing the 
particles to collide at higher speeds, causing more erosion [26]. Due to the limitations of this erosion 
equation, researchers have developed more complex relationships to predict deterioration. 

To comply with the limitations of the API recommendation RP14E, Salama offered a method for 
computing erosion damage as a function of fluid, and flow properties [27]. In addition, the authors used 
experimental data from Rabinowitz showing the results of erosion of ductile metals under the influence 
of solid particles [28]. 
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𝐸𝑅 = 1.86 × 105
𝑊𝑝

𝑃

𝑉𝑓
2

𝐷2
 

(2) 

Where; 𝐸𝑅 is the erosion rate in mils per year, 𝑊𝑝 is the sand flow rate in bbl/month, 𝑉𝑓is the fluid 

flow velocity, D is the pipe diameter in inches, and P is the material hardness in psi. 
Erosion rate predicted using equation (2) although overestimated by a factor of 1.44, the 

correlation's validity was established compared to available experimental data. Results presented 
showed that for flow in elbows, and tees, erosion rates in tees are about 50% lower than elbows [29]. 
Equation (2) is therefore rewritten for taking into account variations in bends or joints in the form in 
equation (3); 

𝐸𝑅 = 𝑆𝑚

𝑊𝑝

𝑉𝑓
2 𝐷2 

(3) 

Where 𝑆𝑚is a geometry constant. The values suggested for 𝑆𝑚are; 

𝑆𝑚=0.038 for pipe bends, and 𝑆𝑚 = 0.019 for tees. 

Equation (3) anticipates erosion rate more precisely for gas flow systems, since it was evolved 
based on the results in the erosion data in air-sand flow. 

Bourgoyne conducted an experimental study to measure erosion rate for various field conditions. 
The author measured erosion rate in gas-solid, liquid-solid, and mist-solid flows in diverse systems, and 
proposed a correlation for predicting wear rate in dry gas flows [30]. 

For gas continuous phase (Dry gas or mist flow); 

𝐸𝑅 = 𝐹𝑒

𝜌𝑝

𝜌𝑡

𝑊𝑝

𝐴𝑝𝑖𝑝𝑒

(
𝑉𝑆𝐺

100𝛼𝑔

)2 
(4) 

For liquid continuous phase: 

𝐸𝑅 = 𝐹𝑒

𝜌𝑝

𝜌𝑡

𝑊𝑝

𝐴𝑝𝑖𝑝𝑒

(
𝑉𝑆𝐿

100𝐻𝐿

)2 
(5) 

Where; ER is the erosion rate in m/s, 𝐹𝑒 is the specific erosion factor, 𝜌𝑝, and 𝜌𝑡 are the densities 

of the particle, and wall in kg/m3 respectively, 𝑊𝑝 is the sand flow rate in m3/s, 𝐴𝑝𝑖𝑝𝑒 is the cross-sectional 

area in m2, 𝑉𝑆𝐺, and 𝑉𝑆𝐿 are the superficial gas, and liquid velocities in m/s respectively, αg is the gas 

volume fraction, and HL is the liquid hold up. 
Equations (4), and (5) were developed based on experimental data obtained at high Flow rates 

observed in diverter systems. Hence, under low concentration, their applications to oil, and gas 
production systems are questionable. The study reports a 29% percent error in erosion prediction, and 
an order of magnitude decrease was observed in the erosion rate when the elbow was changed to a tee 
or vortices elbow [30]. 

Svedeman investigated the applicability of Bourgoyne's predicting wear rate to lower flow velocities 
[31]. An average over prediction of 25% was observed when a comparison was made with erosion data 
from Weiner's experiment [32]. Because different wear mechanism has a varying controlling parameter, 
the authors rearranged Bourgoyne's equation. They recommended the correlation shown in equation (6) 
for erosion velocity for erosive service based on an acceptable wear rate of 5 mils/year. 

𝑉𝑒 = 𝐾𝑠

𝐷

√𝑊𝑝

 (6) 

Where 𝑉𝑒 is the erosional velocity in ft/s, D is the pipe diameter in inches, and 𝑊𝑝 is the sand flow 

rate in f t3/day. 𝐾𝑠 is erosion constant obtained from Bourgoyne’s specific erosion factors which depend 

on the flow conditions as well as material, and geometry. Ks is 1.34, and 7.04 for long radius elbows, and 
plugged tees correspondingly.  

In this regard, Swinderman, and Arnold proposed the same ratio as Salama [31]. Therefore, 
erosion, which causes damages to the pipes, should be limited. In addition, criteria for determining the 
correct pipe size have been offered for designing a multiphase pipeline in the area where erosion is 
expected to happen. Therefore, various Sm values are proposed; 0.017 for prominent radius elbows, 
0.0006 for plugged tees. 
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Jordan offered a new method to calculate erosion for multiphase oil and gas pipelines. It is 
suggested that the rate of physical volume loss should be proportional to the square of the particle 
velocity, and proportionate to the volume rate of the target wall at which the target wall collides with the 
particles [3]. Results correlation equation is presented in equation (7). 

𝐸𝑅 =  10𝐶1𝑉𝑆𝐺
2.349𝑊𝑝

0.9535(1 − (1 +
1

2𝑟𝑐

)
−2

)
1.8885

2  
(7) 

Where 𝑟𝑐 is the bend radius of curvature. The parameters also have similar units as to the equation 
of Bourgoyne. C1 is equal to -4.9619, and -5.4355 for the cast, and unseamed materials correspondingly.  

Salama carried out a study to investigate the basis of the recommendations of API RP14E, and the 
authors found out that alternative approaches have been proposed for establishing erosional velocity in 
particle-laden flows [27], [29]. But none of these have been put to use due to their complexity. Based on 
the findings, the author proposed a new simplified model for erosional velocity in particle-laden fluids 
(equation (8)). This unique correlation incorporates pipe diameter, fluid density, and sand flow rate in the 
previously developed correlation by Salama, but the influence of elbow radius of curvature was not 
considered. The results did not show any substantial difference between erosion rates in elbows with a 
radius of curvatures (RC) of 1.5, and 5. The equation is also applicable to multiphase flow. 

𝐸𝑅 =  
1

𝑆𝑚

𝑊𝑝𝑉𝑚
2𝑑𝑝

𝐷2𝜌𝑚

 
(8) 

Where; 𝐸𝑅, 𝑊𝑝, and 𝐷 are in mm/year, kg/day, and mm respectively. 𝑑𝑝 is the particle diameter in 

microns, Vm is the mixture velocity in m/s, and ρm is the density of the fluid mixture in kg/m3. Sm is a 
geometry-dependent constant. Empirical erosion equations are easy to use but can only be applied to 
operating conditions similar to the experimental conditions for which they have been developed [33], Still, 
the erosion mechanism could change with the slightest change in conditions. Due to this, researchers 
developed mechanistic models to aid erosion prediction in a comprehensive, and complex scenario. 
Although mechanical models incorporate various parameters that could influence the erosion 
phenomenon, they were evolved reliant on the physics, and mechanisms of erosion [11]. 

2.3 Mechanistic erosion prediction 
Shirazi offered preliminary guidelines for addressing shortcomings of APIRP14E [25]. The 

instruction manual only covers the steps for estimating the characteristic velocity, and particle size below 
minimum wear. The model considers the influence of several variables on erosion rates, such as grain 
size, flow shape, pipe size, material type, sand density, sand intensity, speed flow, viscosity, liquid 
density, etc. In this procedure, it is assumed that if the geometry collides just before impact, the particles 
must reach a liquid layer called the suspension zone; Similar static length concepts have been introduced 
to describe the effects of geometrical shapes, and masses (Fig.3) [13], [34]. 

 
Fig. 3 - Stagnation zone in tee, and bend 

Depending on the type of geometry, the stagnation length is obtained from Equation  (9) or Equation 
(10). 

For elbows, the length of the region of stagnation is obtained from; 

𝐿𝑠𝑡𝑎𝑔

𝐿𝑟𝑒𝑓

= 1 − 1.27𝑡𝑎𝑛−1(1.01𝐷−1.89) + 𝐷0.129 
(9) 

For tees, the length of the region of stagnation is obtained from; 

𝐿𝑠𝑡𝑎𝑔

𝐿𝑟𝑒𝑓

= 1.35 − 1.32𝑡𝑎𝑛−1(1.63𝐷−2.96) + 𝐷0.247 
(10) 
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Where D is the pipe diameter, 𝐿𝑠𝑡𝑎𝑔 is the length of a stagnation region, and 𝐿𝑟𝑒𝑓 is the reference 

length (1.18, and 1.06 inches for elbows, and tees respectively). For small pipe diameters, 𝐿𝑠𝑡𝑎𝑔 is a firm 

function of pipe diameter while for pipe diameters more than about 6 inches, pipe diameter has little 

influence on 𝐿𝑠𝑡𝑎𝑔 [11]. Flow velocity is calculated from Equation (11). The characteristics velocity of the 

flow is equal to the mean velocity of the flow. 

𝑉𝑓 = 𝑉𝑐ℎ𝑎𝑟(1 −
𝑥

𝐿𝑠𝑡𝑎𝑔

) (11) 

Where 𝑉𝑓 is the fluid velocity, and 𝑉𝑐ℎ𝑎𝑟 is the flow characteristic velocity. The particle impact 

velocity is obtained by solving the particle equation of motion as shown in: 

𝑚𝑝𝑉𝑝

𝑑𝑉𝑝

𝑑𝑋
= 0.5𝜌𝑓(𝑉𝑓 − 𝑉𝑝)|𝑉𝑓 − 𝑉𝑝|𝐶𝐷

𝜋𝑑𝑝
2

4
 

(12) 

Where 𝑚𝑝 is the particle mass, 𝑉𝑝 is the velocity of the particle, 𝑉𝑓 is the velocity of the fluid at the 

particle position, 𝜌𝑓 is the density of the fluid, and 𝐶𝐷 is the drag coefficient. As an initial boundary 

condition, the particle equation of movement requires the particle velocity (𝑉𝑝) at X = 0. primary particle 

velocity is also presumed to be the same as 𝑉𝑐ℎ𝑎𝑟. Tracking of a particle is ceased, and velocity at that 

position is pondered as the effect velocity when the distance between the particle, and the wall equals 
the particle radius. The drag coefficient is expressed as: 

𝐶𝑑 =
24

𝑅𝑒𝑝

+ 0.5 (13) 

where 𝑅𝑒𝑝 is the particle Reynolds number, and it is expressed as: 

𝑅𝑒𝑝 =
𝜌|𝑉𝑓 − 𝑉𝑝|𝑑𝑝

𝜇𝑓

 
(14) 

𝜇𝑓 is the fluid viscosity. 

The erosion ratio is finally obtained from equation (15). 

𝐸𝑅 = 1.73 × 10−6𝑉𝐿
1.632 (15) 

Where 𝐸𝑅 is the erosion ratio of the mass of the objective material removed to the mass of a 

particle, and VL is the particle impact velocity. The impact velocity of the particle, 𝑉𝐿, is calculated from a 

simple 1-D particle tracking mean along the stagnation length. 
Equation (15) is generated based on damping data for low carbon steel. The results showed that 

the critical velocity of a single-layer liquid is higher than that of the gas [35]. However, this procedure 
presumes that the particle's path is straight, and does not consider the effect of the turbulence on the 
particle's path. Developed initially for single-phase control, this model was later extended by McLaury, 
and Shirazi stages, forming the basis for many later mechanical models [20]. In addition, Mazumder 
developed an automated model that takes into account the characteristics, and behavior of multistage 
gas, and liquid phases [36]. 

We observed that the model predicts erosion by calculating the collision velocity of particles based 
on one-way particle tracking. This limits its application to flow conditions where particles of sand or gas 
in the range 50-100 μm are used as the carrier liquid. The collision rate of diamond particles and their 
chaotic nature have been shown to affect erosion prediction significantly. He proposed a 2D mechanical 
approach to capture the properties of these particles. This process consists of three main steps. First, 
2D flow field data were obtained from the static field centers and a CFD simulation of the flow center. 
Second, the stream field receives the data to calculate velocity, angle, and collision position. Unlike 1-D, 
which tracks a representative particle, a 2D model follows multiple particles. Finally, information on the 
effect was added to the etching equation developed by Zhang [23] to explain the impact of particle 
collision velocity, and turbulence. The 2D model provides more representative information about the 
collisions of particles and significantly improves the etching behavior in the 1D model. These are 
important for growth fluids that carry fine sand particles. 

Arabinejad created the almost mechanical model for predicting the degradation of various objective 
materials by solid particles [37]. This model is based on experimental data from direct collision tests 
taking into account the properties of the target particles, and materials, and suggests two different 
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mechanisms involved in the decomposition of the particles. Hence, the erosion equation has two parts: 
erosion, and shear deformation. The particle's velocity is calculated by particle image velocity (PIV) 
measurement, and the model's predictions are compared with different confirmation conditions. The 
correlation shows that the collision angle of particles depends on the size, and velocity of the particles. 

Parsi discovered a correlation of reliable erosion estimates in sand, and gas flow conditions. This 
approach consists of three steps. First, the proportional analysis is performed to obtain unreachable 
combinations, such as Reynolds number, diameter ratio, and density ratio, particle flow correction, and 
knee motion. Second, a study of the effect of the target wall material on erosion was conducted, and 
finally, experimental factors were correlated to take into account sand particle size [38]. 

Correlation is an effective tool for estimating erosion in gas conditions, and airflow with minimal 
design effort. The use of correlations is consistent with experimental data. However, it was developed on 
a limited experimental database and took all particle, and flow parameters into account. 

Erosion is difficult to predict even in single-phase flows, and this complexity dramatically increases 
due to the nature of the formation of multiphase flows. The flow of polyps makes it challenging to detect 
particles. In a multistage flow, the liquid, and gaseous phases' spatial distribution, and velocities are 
constantly changing [39]. 

McLaurie, and Shirazi have developed a mechanical model for predicting knee, and skin wear 
rates, and advanced impact technology [23]. They extended multistage flow conditions. The newly 
developed model takes into account many physical variables such as fixed flow rate, mixed viscosity, 
particle impact rate, pipe diameter, liquid density, curvature radius. In this model, the thickness, and 
viscosity of the liquid are calculated from its constant length as a function of the fluid, and gas volume as 
a function of the flow condition. It was found that when there was movement between the liquid and the 
particles, the particles weakened because there was more knee wear, and the particles could not be 
directed as they passed. Consequently, the factors that increase the gearshift slow speed erode. 
Comparing the results with API 14RE recommendation data, we found that the test procedure is very 
conservative at high fluid flow rates. 

Mazumdar has proposed a mechanical model to prefigure sand erosion in multiphase flows under 
the chute. The effect of particle velocity on erosion rate in gas and liquid stream has been studied. This 
model uses a unique correlation proposed by Ishii, and Mishima to accurately calculate the single liquid 
fraction of the gas core under a variety of flow conditions. It was found that the velocity of the droplets 
had a significant effect on the momentum of the particles, causing tremendous erosion [40]. Therefore, 
it is advisable to carefully evaluate the droplets to determine the sand grain's velocity before reaching 
the stationary zone. The particles are also captured by the droplets moving at the same speed as the 
gas. These particles have a more significant corrosive destructive effect than the particles in the liquid 
film that slowly move closer to the tube wall. Despite these biases, the predicted erosion provides a 
reasonable estimate of the erosion resistance of multiphase compared to the data obtained from erosion 
tests performed on multiphase clones. The authors also found that erosion damage was significantly 
more significant in vertical circulation at high gas and liquid velocities. The model's predictions are 2.9 to 
6.8 times higher at fluid flow, and 4.2 to 8.2 times higher at the flow rate than experimental data. 
Predictions for bubbles, fungi, and erosion are in multiple stages higher, and more conservative than 
practical. Based on this, we recommend validating your model, and optimizing further [41]–[44]. 

In addition, Zhang offered a two-dimensional mechanical model to predict sand erosion in slug flow. 
All previous automatic models were based on a one-way approach. The bidirectional system has been 
extended to overcome multistage flow erosion problems. In this model, it is presumed that the particles 
are evenly disseminated in the liquid phase, and do not promote erosion due to their slow velocity. The 
body of the bullet also appears as a representative phase. The wear rate is estimated to be successful 
at different points in the shape of the knee. The forecast data is located on a slope at 45° with a perfect 
sense of the available information, but at 90°, the forecast is more fragmented. This is due to the influence 
of secondary circulation in the elbow joint. The 2D method is usually more accurate than the 1D method 
[45]. 

Shirazi developed a semi-mechanical model to estimate sand erosion degree during multistage 
gas formation, and flow. Unlike API RP 14E, this form can be used in two ways. One is to provide the 
maximum permeability rate for a particular work environment. The other can be used to determine the 
surface velocity of liquids, and gases if a maximum permissible permeability rate is specified [46]. This 
model significantly improves the previous mechanical model with a dense pressurized gas with a fine 
particle stream in the liquid stream. It also applies to situations in one state to interpret the effects of 
various parameters such as particle diameter, and size, fluid density, and viscosity, flow rate. 
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Recently, Kang and Liu have developed a mathematical model that predicts the erosion of solid 
particles at the symmetrical knee plane of a circular flow. The model tracks the particles as they collide 
with the tube wall, and takes into account the particle's movement in both the gas core and the liquid 
membrane. In this model, it is assumed that the gas core flows evenly and that the velocity, and thickness 
of the liquid film when bending the tube are the same. The length of the inlet should be sufficient to mix 
the particles with the carrier prior to bending. Kang also investigated the effect of various macroscopic 
factors on prevalence. The model's accuracy is low at low speeds, and low throttle but high at high 
speeds. The results show that the permeability rate increases with increasing particle size, and surface 
gas velocity. 

Nonetheless, the impact of a liquid's surface velocity on the degree of wear depends on the liquid 
filling condition. The results presented show that the mean deviation from the available experimental data 
is 26.15%. However, this model cannot provide more reliable information about the flow field and is 
limited to cyclic flow. Kang and Liu developed a probability model to predict the wear of a periodic sand 
generation. The authors calculated erosion caused by a group of grains of sand by calculating erosion 
damage caused by one grain. Probability models for first and second collisions are based on Liu's 
experiment. The results presented are in good agreement with the recirculating system data. The authors 
concluded that the second particle collision has a considerable effect on the size, and location of the 
erosion under toroidal flow conditions. However, its application for other multistage diagrams is still under 
discussion [47]–[49]. 

3 Experimental analysis of sand erosion in pipelines 

Mazumdar conducted an experimental study to determine the maximum damage caused by 
adsorption erosion in single-phase, and multiphase transverse, and longitudinal currents. He used a 
resistance sensor for more accurate thickness loss measurements because of a low-density, corroded 
aluminum bend pattern. Single-phase erosion tests were performed at a gas-surface velocity of 34.1 m/s 
in a vertical flow, a gas-surface velocity in a polyphase flow, and a liquid velocity of 33.5, 27, 4, 18.9 9.8 
m/s. 0.03, and 0.3 m/s longitudinal and horizontal pipes. The results show maximum thickness loss at 
42.5 μm at 55° from the inlet for single-phase, and polyphase currents at gas-surface velocities of 9.8, 
27.4, and 34.1 m/s the average thickness loss. Concentric loss increases because the gas velocity 
increases at the same rate as the surface liquid. In addition, with a multistage flow, the most significant 
thickness losses are observed between 55°, 35°, and 55° in the vertical, and horizontal pipes [41], [50]. 
Graham Measured the intermittent current erosion by coordinate the measuring machine (CMM). The 
pipeline network is 53 mm in diameter, and the pilot station is designed to allow vertical flow. The elbows 
are also aluminum blocks. Most traces of wear are seen near the elbow. The CMM results were 
comparable in quality versus simulation, and visualization with good consensus [51], [52]. 

Kesana applied a new non-invasive ultrasound to measure erosion at 16 different positions in a 
normal knee. The experiment was first performed using a one-step vector (gas sand) and was then 
extended to multiphase flow conditions. The effects of particle size and liquid viscosity have been studied, 
and the results show an acceptable agreement with the accessible experimental data. In experiments 
using ultrasonic technology (UT), corrosive substances are measured with an intrusion resistance (ER) 
sensor in the straight section of the tube. Curved erosion patterns have been successfully determined, 
and maximum abrasion air sand flows are observed at about 45°. Still, under multiphase conditions, 
erosion is kept at the top of the turn, which also increases with ten cp viscous fluids due to increasing 
particle size. Nevertheless, erosion increases slightly from 1 cp but decreases after viscosity increases 
by 40 cp. The results of the ultrasonic sensor (UT), and electrical impedance (ER) are similar. 

Kesana experimented with a gas-surface velocity between 9.1 m/s, and 35 m/s, and studied sand 
erosion in a multistage slag flow between 0.76 m/s, and fluid velocity. He used three fluids with viscosities 
of 1 cp, ten cp, and 40 cp. The test section consists of a standard 76.2 mm elbow. The authors found 
that the total error of spider particles in the well-ventilated stopper was inferior to that of the slag flow 
system. The simulated cork mixing area ran on lower shale and pseudo-grain. As a result of the 
disturbance, the particles can float over the entire cross-section of the pipe in the so-called slab form, 
resulting in some of the particles falling on the wall of the tube. It is called the impurity-drainage system. 
Kesana extended a similar procedure to investigate the impacts of particle size, and fluid viscosity on the 
cyclic, and directed flow. Three various sand sizes (20, 150, 300 μm) are used in the test. A resistance 
sensor (ER) is used to measure the erosion, and curvature directly of the pipe following measurements 
of 45°, and 90° vertical, and inclined cross-sections show that large particles cause more erosion under 
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all operating conditions than small particles and the effect of particle size on erosion. The erosion rate of 
a toroidal stream is higher than the pellet stream, regardless of the state or fluidity of the liquid. 

In the case of a grain flow, the particles move inside the liquid pellet due to the sand, causing 
polishing damage to the pipe located in the circulating flow in the low-density zone of the gas core [26], 
[53]–[55]. 

Parsi also measured erosion of gas-dominated multilayer sand grains in the riser by ultrasonic 
method (UT), and obtained results from Kesana, and compared with the erosion data obtained [11]. The 
test is performed with a standard vertical elbow (VH) made of stainless steel and has an inner diameter 
of 76.2 mm. Erosion rate, the effects of surface velocity, particle size, gas, and liquid viscosity are 
measured. 

In addition, the erosion rate was checked using sand grains of 20, 150, and 300 μm which the liquid 
viscosity is one cp, and ten cp, and low gas velocities ranged from 9.8 to 49 m/s, and fluid surface velocity 
ranged from 0.1 to 0.55 m/s. Practically, the erosion rate of the vertical, and horizontal inversion is 
measured vertically, and horizontally in all flow conditions. The results also show that changing the 
velocity of the liquid surface does not affect the erosion rate. This is because the flow system does not 
change, and the inlet of the elbow is greater than 45° when mixing the charge. 

Vieira used a resistance sensor to measure the constant erosion of a circular multiphase flow; his 
study focuses on collecting experimental data for large multistage currents with constant curvature of 
76.6 mm. The reduction in gas velocities ranged from 11 m/s, 48 m/s, 0.004 m/s, and 0.27 m/s, using the 
viscosity of 1 cp, and ten cp, and three different sand sizes (20, 150, 300 μm). In addition, he studied the 
effects of ER sensor position, flow direction, sand mass, flow rate, and liquid viscosity. They found that 
converting the carrying fluid from gaseous sand to a low flow coil stream reduced the longitudinal wear 
of the knee four times. Increasing the viscosity of liquids around the slope also minimizes the effect of 
the particles on the walls. 

Additionally, a significant metal loss is recorded with a 45° probe regardless of operating conditions. 
In the horizontal direction, the liquid film condenses at the bottom of the tube, reducing erosion. Vieira 
has investigated the effects of particle size, and velocity of the gas, and liquid on the erosion speed, and 
properties. The authors have used non-contact ultrasonic measurements in place of resistance sensors 
to analyze erosion under multiphase cyclic flow conditions with longitudinal, and transverse curves. At 
higher gas surface velocities, erosion is first reduced and then increased again after reaching a minimum. 
However, it is often observed that erosion increases with increasing particle size, and airflow [55], [56]. 

4 CFD modeling of pipe erosion 

4.1 CFD modeling of pipe erosion in single-phase flows 
Zhang investigated erosion forecasts using CFDs. The authors studied the particle's motion in the 

vicinity of the wall. They compared the calculated model of solid particles with experimental data to 
ensure the model's accuracy in calculating the displacement particles. The effect of the turbulence coil 
on the area near the wall was examined, and its impact on the collision velocity of the particles was also 
studied. Comparisons are made by applying conventional wall features to monitor wall particles and 
reflect wall particles. The flow is modeled by solving equations of continuity, and momentum. The orbits 
of the particles use a different topology (DPM) model for integrating force balance on the particle, and 
the effect of turbulence on it. The movement of particles is considered using a Discrete Random Walk 
(DRW) model. The areas near the wall were solved using the RSM noise model with standard wall 
functions, and the erosion was calculated using the method of Zhang. The expected effects of grain 
abrasion, and disturbances before, and after wall reorientation were applied, showing changes that 
significantly impact erosion results compared to experimental data. Periodic calculations were observed 
for the turbulence of a standard 90° rotation to avoid non-cyclical effects, and reduce multiple shocks of 
small particles (25 μm) caused by turbulence. 

Using the standard wall function in the wall trace reduces the estimated wear of large particles by 
small amounts, and the estimated wear of small particles twice. Erosion results of small particles were 
more suitable Zhang also performed a numerical study to find out maximum wear on the elbow. At a 
knee height of about 0.628 m, and a diameter of 0.1 m, he studied the effects of the suspension speed, 
bending direction, and bending angle. The particle path and interaction between particles are calculated 
using a separate element model, and the liquid properties are constructed using the Reynolds mean 
Navier-Stokes equation. It was found that the cutting speed and maximum wear conditions affect the 
areas damaged by the increased shearing force. The bend direction also significantly affects the erosive 
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damage to the upper pipe or the vertical pipe when the particles settle to the bottom of the upper pipe, 
and most of the particles move away from the central shaft [23]. In U-shaped pipe, the largest wear 
surface is observed with two different spikes. Due to gravity, it appears above the knee at about 43°, 90°, 
and 160° [58]. Results are compared with previous studies with a tube 30 cm in diameter, and 100 cm in 
length [59]. The gas-phase was simulated by solving the Reynolds averaged Navier-Stokes equation 
(RANS) with the standard k−ε model, and the particles were monitored by different element methods 
(DEM). 

The turbulence distribution was calculated using the random turbulence sheet (DRW) model. The 
sizes of sand grains used are 100, and 200 μm. The results showed that the erosion rate of the inner, 
and outer walls increased as the roughness of the border grew, and the erosion rate was much higher 
than that of flat walls, regardless of the grain size of the wall. As the roughness increases, the 
concentration of particles near the inner border of the bearing increases, making it easier for the particles 
to hit the wall, and speed up abrasion. The authors also noted that the outer wall of the bent tube is more 
abrasive than that of a conventional round pipe with the same outside diameter and that the wear rate 
increases as the radius increases.  

Chen proposed the CFD-DEM two-step erosion protection method for pipe elbows. Interaction of 
liquid particles is considered. Using water as a continuous phase, he estimated the velocity, and position 
of sand grains 150 μm in diameter, and maximum erosion with diameters of 90, 60, 45, and 40 mm. The 
continuous phase is modeled by solving the Reynolds Navier-Stokes equation. The standard k−ε model 
considers the turbulence of the curling current, and the interaction with the single element model (DEM), 
taking into account the motion of grains of sand, and liquid particles. The maximum wear rate varies for 
the three knees, and the 90° knee is arguably the most wearable-entire wearing area at or near the 
elbow. Chen also recommends replacing wide-angle elbows, such as low angles (45°, and 60°), to reduce 
erosion [60].  

Zahedi carried out the marginal erosion analysis is performed with a large radius, typically 90° (r/D 
= 1.5). In order to analyze the effect of particle size, fluid velocity, pipe diameter, and radius on maximum 
gas, and sand erosion. The inside diameters tested are 2, 3, and 6 inches, and the gas surface velocity 
ranges from 11 to 27 m/s. Erosion level was calculated using a correlation developed by Vieira for the 
Erosion / Erosion Research Center (E/CRC), and the backflow of the grain was masked using model 
Grant, and Tabkoff [61]–[63]. The results are in a cordial relation with the experimental data of Vieira. For 
single-stage gas, and sand flows under low-pressure conditions, the most vigorous erosion is observed 
at an inclination of about 45°. It was found that 300 μm particles caused double erosion of 150 μm 
particles. Increasing the surface gas speed also increases the erosion rate. Still, due to the increased 
pipe diameter, and the properties of the particles, the erosion rate decreases significantly under constant 
flow conditions. Maximum wear of ample radius curves is also less than at standard angles. 

Mahdavi studied erosion on slurries. The authors studied the effect of particle size and velocity on 
sand erosion rate at different concentrations. The penetration rate of the liquid is set at 45 ft/s, and sand 
concentrations of 1, 6, 10, and 15% are used with a grain size of 300 μm. The flow solution was derived 
by resolving the Reynolds Navier-Stokes equation (RANS) using the Euler method. The particles were 
monitored to compare the hysteresis area, and particle plot results and the calculation of Erosion 
coefficient math was performed using the performance correlation of Vieira's experiment. 

The Euler-Granular approach reduces experimental data, but erosion estimates decrease slightly 
as sand content increases, according to the Euler-Granular diagram. Still, in the case of Euler-Lagrange, 
other sand is erosive. It was also found that increasing sand content resulted in an increased mineral 
loss. 

In all studied cases, the concentration, and depth of erosion can affect the fluid flow, and change 
the path of the particles. Therefore, it is concluded that the difference between the results of these two 
approaches is related to the two-way interaction of particles, and liquids in the Euler particle method [64]. 

Xu studied a numerical analysis of the particle concentration, friction modulus, rebound modulus, 
and spring stiffness modulus on knee wear was performed, and the results compared with the existing 
data. To calculate the flow physics, two-dimensional CFD-DEM simulations were performed. The motion 
of the particles was calculated by the discrete element method (DEM), and the average value of the flow 
field from Navier-Stokes to Reynolds. Erosion rate was calculated using a grain scale erosion model 
based on the direct impact studies of Ashrafizadeh [65]. The tube has a diameter of 25.4 mm, a vertical 
length of 1200 mm with a standard inclination of 90 degrees, the friction of 0.1 to 0.6, and a particle 
diameter of 150 μm. The entry speed is 45.72 m/s, and the recovery coefficient is four times between 0.8 
to 0.95. 
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The mass currents in the study were used as 0.000208, 0.00208, 0.0208, and 0.208 kg/s. As a 
result, it was indicated that the particle concentration played a major role in flexural erosion in increasing 
the grain flow, which proportionally increases internal wall erosion of the elbows significantly. Finally, it 
was found that friction coefficient, rebound coefficient, and spring stiffness have minimal influence on 
knee wear [66]. 

 Peng and Cao studied the numerical velocity to study the solid erosion of liquid, and steel pipe 
curves, and at the same time, survey the bending velocity, and direction of the flow [67]. The author 
identified five general correlations and selected the most accurate correlation in this study. Peng also 
analyzed the relationship between Navier-Stokes number and maximum erosion. It was found that all 
erosion equations gave the same erosion pattern, but no significant differences were observed in his 
studies [68]. 

Al-Khayat developed a 3D-CFD model to study various factors affecting tube wall erosion during 
the transport of coarse sand [69]. This model delineates the turbulent transport of sand particles using 
different crude oil transport parameters such as viscosity, density, velocity, and temperature. 

Particle motion was monitored using the Discrete Phase Model (DPM). The pipe and sand 
diameters are 0.2 m, and 170 μm, respectively, and the flow velocity is set at 0.3 m/s. The results obtained 
show agreeable relation with the available experimental data. An increase in erosion is observed as the 
friction between the oil, and the pipe wall increases. When viscosity increases from 1MPa to 20MPa, the 
erosion rate increases by almost 100%, so the oil's viscosity has a significant effect on the erosion rate. 
However, changes in the sand's abrasion rate, oil density, temperature, and mass flow are not dependent 
on it [70]. 

4.2 CFD modeling of pipe erosion in multiphase flows  
Due to the complex interactions between multiphase flows, and particles, many scientists now use 

computational fluid dynamics (CFD) to predict and analyze erosion. CFD has the advantage of being 
able to indicate erosion rates, maximum wear points, and identify potential leaks, and erosion times. It 
can also be used for complex geometries and complex fluids.  

Peng Jr developed CFD abrasion evaluation and compared results of the rusting equation for CFD 
symbols using empirical equations.  He designed 1-inch stainless steel 316 with a Brinell hardness of 
230 BHN. The carrier liquid is a mixture of water, and air in a flow system with velocities on the surface 
of the liquid, and gas at 34.1376 m/s, and 0.3048 m/s, correspondingly. The grains of sand have a 
diameter of 150 μm, and a mass of 0.006 kg/s (shear stress transfer) flow modeled by multiphase using 
the Euler method, and particles monitored by the Lagrangian system. The erosion rate was calculated 
using commercially available CFD package equations proposed by Erosion Finnie and compared with 
the experimental correlation results developed by Salman (1998), DNV (2007). The results showed a 
good agreement on erosion rate, and Salama et al. (2000), and DNV (2007). However, if the fluid flow 
decreases from horizontal to vertical (H-VD), the erosion rate will be at least 20 times higher [29], [71]. 

Nguyen conducted experimental collaborative studies to determine how the surface development 
of substances due to erosion affects the erosion mechanism of the mixed flow of water, and sand. A 
stream of water and sand was prepared according to the Euler-Lagrange method. Water is considered a 
continuous phase guided by the Navier-Stokes equation and another sand grain of the Lagrange phase. 
In addition, k noise was recorded using the k−ω model, and the buoyancy rate of the particles passing 
through the wall was determined by the carrier model [23]. The rate and nature of erosion were evaluated 
by the method of Oka [72], [73]. Using the surface configurations obtained after 5, 15, and 30 minutes of 
experience, an engineering model to simulate the number of direct collisions of particles was generated. 
The erosion rate was found to be highest in the section formed after 15 minutes due to the sheer force, 
and the impact rate of the particles was higher than the cutting rate at this time. Therefore, the minimum 
erosion rate is indicated on the surface profile after 30 minutes. From experimental data, and numerical 
results, it can be seen that the direction of the erosion rate is the same, both linearly dependent on the 
collision speed. Increased impact speed increases erosion speed. However, for the same flow rate, the 
numerical model slows down the erosion rate compared to the experiment. This is probably due to the 
effects of the particle interactions that have not been recorded in the simulation [74], [75]. 

4.3 Erosion Modeling in Elbows Mounted in Series 
Most researches have focused on sufficient length following particle erosion for simple convex 

geometry, and flow development. However, recent oil and gas flow under extreme conditions has 
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required more complex piping systems with line installations, but with detailed calculations of in-situ 
erosion data, which requires a better understanding of grain erosion under these conditions. 

Deng experimented with four bends (vertical-horizontal, horizontal-horizontal, horizontal-vertical, 
horizontal-vertical) to find the puncture points in the air transmission system that is strongly affected by 
the direction of rotation. Air is used as the carrier fluid, and high concentration olivine sand is used for 
the particles. A steel pipe with an outer diameter of 60.3 mm, wall thickness of 3.9 mm, and an average 
particle size of 294 μm is used. The results showed that the starting point position was most affected by 
the direction of curvature due to the smooth distribution of particles, and the distribution of the flow. 
Furthermore, the downward vertical, and horizontal elbows have the shortest drilling life, and the deepest 
penetration point at about 25°. 

In comparison, the upright horizontal, and vertical elbows are drilled closer to the drill point by about 
8°. Thus, its lifespan is slightly longer than when bent and bent down of the tube, but there is no significant 
difference in the position of the puncture point in the other curvature directions. However, the minimum 
distance between two consecutive elbows in the used current path is 300 times the pipe diameter, so 
any interaction currents between straight elbows are ignored [76]. 

Zhang focused on finding a puncture site in a tube by converting a studied core numerically into a 
U-shaped bend with a large radius number. The suspension speed is 18 m/s which is not affected by 
gravity. He solved the Reynolds averaged Navier-Stokes equation to calculate the fluid flow in order to 
track the particles by the discrete element method. The result shows that the leading position in terms of 
erosion at the first rotation angle occurs at 43°, and 160° at the second angle due to the average gravity 
of the curve, which causes the direct collision of particles in the first tube. Furthermore, he found that 
while applying the middle stage, the erosion location in the first knee is similar to the position in the 
normal knee by an angle of 90° [58]. 

Sedrez performed a CFD simulation of the diluted solid, liquid gas stream to determine the largest 
corrosive site in S-bend. The liquid was treated with medieval solution Navier-Stokes, the particles in the 
system. The second phase model (DPM) is calculated using an erosion model applied by ANSYS Fluent. 
Results for 50, and 200 μm sand particles are displayed at three different water and air-surface speeds. 
The inlet gas velocities are set at 15.24, 30.48, and 45.72 m/s, and the velocity of the liquid is at 0.1, 1.0, 
and 10.0 m/s. At 43°, and 161.3° bending, it is 1° at 20°, 50°, and Vsg at 15.24 m/s, the maximum erosion 
conditions at the inlet are 20°, and 145° at the elbow [77]. 

The elbow distance is 6 pipe diameters (L = 6 D). Erosion tests are performed using ultrasonic wall 
thickness measurements under liquid sand conditions, liquefied gas, and sand flow. The erosion test 
portion of the test plant consists of a tube of 50.8 mm, and grains of sand with an average diameter of 
300 μm. In CFD simulation, the RSM model, and constant field current solve the average Navier-Stokes 
equation (RANS) to capture the turbulence, and the particles are followed up with the model. Erosion 
was calculated using the correlation suggested by Arbanzad [37]. For single-phase analysis, the water 
velocity is 6.3 m/s, and for polyphase analysis, the surface velocities of water, and air are 5.3, and 10 
m/s, respectively. The authors only present the results of position two and the erosion that was observed 
in the experiment. The flow of liquid sand takes approximately 16 minutes, and the removal of liquid 
sand-gas from large materials takes 3 minutes to sink. However, the wear styles are very similar, in both 
cases around 90° from the outer radius of the knee. It was also found that the erosion rate of the 
multiphase flow was 7.8 times more. In CFD analysis, the authors observed similar erosive structures in 
multiphase, and liquid sand flows compared with the experiments but found that erosion was more 
common in the second zigzag line of the multiphase stream. The maximum relative abrasion coefficient 
of the liquid sand stream is more than 60% [78]. 

Asgarpur et al. (2017) also conducted numerical, and experimental studies of continuous knee 
wear to study second-generation erosion. The test consists of two 10 (10D) diameter tubes and a 4-inch 
elbow. The test was performed under one-step, and two-step conditions and the diameter of the grain 
used was 300 µm. 

In the multistage test, the constant gas velocities are 31 m/s (all within the spherical flow range), 
and the fluid velocities are 0.016, 0.02, 0.055, and 0.1 m/s, considered in the Reynolds stress model. 
The sand particles were monitored using a second phase model (DPM), and a second random model 
taking into account the distribution of the particles in the wall. Erosion was calculated using the correlation 
suggested by Arbanzad. The wall material is 316 stainless steel, which dramatically reduces the erosion 
rate of single-phase reducers from 31 to 15 m/s, and is consumed most in the first, and second cycles. 
In addition, the maximum erosion range for all gas velocities is at an angle of 45° from the outer inlet of 
the first rotation when the position changes during the second rotation. In addition, based on his 
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experimental results, the author found that the location of maximum erosion was the same in the first, 
and second rings of one-phase, and second-stage flow, but maximum erosion was larger than in one 
period. 

Moreover, flow is greater than the flow of a gas or liquid. Erosion rate estimated by CFD analysis 
at 23 m/s gas velocity, well suited to single-stage test results, up to 25%, and 24% for bars 1, and 2. The 
abrasion position of the maximum on the first bend was well assessed but not precisely determined for 
the second [79]. 

Farokhipour modeled the amount of erosion of sand particles in the return of the two-phase gas 
molecular stream; the author estimates the erosion rate with four different vertical curves. Tight, constant 
(R/D = 1.5), large radius (R/D = 3), 180° bend were studied. The distance between the elbows is 20D. 
The degree of erosion was calculated by the Oka-Model method. The continuous gas phase was 
determined using the k−ω SST, and RANS reject model formulas and a discrete random walk model 
used in DPM. Sand particles were monitored, and the particle distribution is taken into account. Sand 
particles 150, and 300 μm in diameter are taken into account. The seed flow rate is also variable (1, 3, 
5, 10, 15, 20 kg/day). Constant fluid velocity at 20 m/s. The 180° knee has better wear properties than 
other shapes, with 67%, 64%, and 52% lower wear rates than the acute, normal, and long knee. However, 
in all the cases studied, the erosion rate is proportional to the mass flow of the particles, but the 180° 
pipe curve is less sensitive to the increased mass flow of the particles, and the excitation. Three hundred 
μm is one-third of the standard arm. Similar erosion patterns have been reported due to grain size [80]. 

Recently, Cedrez tested the erosion in ANSYS fluent. A mixture from the multipage Euler model to 
discrete, and rejected models was used to predict flow erosion with tensed Reynolds. He calculated the 
perturbations of the system using the perturbation model and the standard functions of the wall. In 
addition, he took into account the drift laws of spherical, and non-spherical particles in the Langerin 
particle monitoring system. 

The pipe diameter used in the standard elbow is 50.8 mm (R/D = 1.5), the distance between the 
elbows is three diameters (3D), and the front length of the first elbow is 42 diameters (42 D). Erosion was 
also analyzed for two different-sized bubbles, 0.01 mm, and 1 mm. The liquid and gas velocities are 6.31 
m/s, and 5.46 m/s; respectively, the particle size is 300 μm. Their results showed that the Euler model 
did not take into account the secondary particle monitoring steps. Still, the experimental data showed 
that the secondary erosion results were better than that of the first model. Maximum erosion is evaluated 
by both spherical, and aspherical traction. More significant wear is also observed in the second, and first-
generation compared to the test data -1 mm bubble size for best liquid separation results. The highest 
erosion rate was much higher than the experimental data obtained using Arabnejad's products. The 
erosion of the first, and second arcs increased by 37%, and 70%, respectively. Maximum wear is 
observed at 88° after starting the first, and second turn, similar to 90° observed in the experiment. DNV 
model (2007) reduced ring one, and ring wear by 26%, and 22%, respectively. In all studied cases, bend 
two is weaker than bend 2 [78]. 

5 Conclusions 

Consequently, an extensive literature review revealed that most CFD studies on pipeline erosion 
use the Euler-Lagrange method to focus on continuous single-phase flow conditions. Nonetheless, 
erosion in multiphase flow is studied using different techniques for turbulence modeling, and other 
interface parameters. The double equation scrambling model has been used in erosion prediction over 
several years due to the ease of use, and an overall degree of validation. It also employs lower 
computational densities than other models such as large eddy current simulation (LES), and quarter 
models. The two-equation perturbation model shows a similar performance when inclined erosion is 
predicted, and computationally is less intense than a four-equation model or other complex perturbation 
models with mixed-phase flow simulation in terms of research, and industry. 

 The most commonly used method to calculate the particle effects is the Discere Phase Method 
(DPM) compared with the DEM method. However, since it does not take into account the effect of 
particles on the carrier or complex interactions between particles, if the particle concentration is expected 
to exceed 10%, particle monitoring structures such as the discrete element method (DEM) will be our 
best option. 

Previous studies have shown that erosion studies are completed enough to grow single-phase flow. 
Therefore, further studies have more complex analyses with twin elbows and forms. On the other hand, 
in document-based double variance analysis, erosion analysis is limited to single-phase geometry with 
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fixed bending. There is a rule of thumb in the industry that "if the distance between the bends exceeds 
10 times the diameter of the pipe, the wear of the second bend can be compared with the first". Like 
grass, and other species. 
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