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ABSTRACT 

Erosion which can lead to leakages, interruptions and expensive repairs is a major concern in 

piping systems. Design modification is a promising technique for mitigating erosion and extending 

the lifespan of piping systems. In this study, computational fluid dynamics (CFD) was used to 

explore the erosion behaviour of different elbow designs in the multiphase air-sand, and water-

sand flows to identify the optimal elbow design for mitigation erosion. The elbow designs 

considered were the standard 90-degree elbow, the 18-degree gored elbow, the 22-5-degree gored 

elbow, and the 30-degree gored elbow. The results showed that the 22.5-degree gored elbow 

consistently decreased the erosion rate by 0.68 to 0.95 times (5-32%) across various flow 

conditions, indicating its potential for erosion mitigation in multiphase air-sand flows. The 18-

degree and 30-degree gored elbows show less consistent results, with both erosion reduction and 

increase observed. In water-sand flows across all the operating conditions, the erosion rate of gored 

elbows was enhanced compared to the standard 90-degree elbow. The 30-degree gored elbow 

showed consistently worsened erosion, while the 18-degree gored elbow showed the least erosion 

increase relative to the baseline. The standard 90-degree elbow was the least effective at reducing 

erosion in air-sand flows, but it had the highest erosion resistance in multiphase water-sand flows. 

Regression analysis revealed that flow rate, air velocity, and elbow design significantly affected 

erosion rate in air-sand flow. The 22.5-degree gored elbow exhibited the highest erosion resistance, 

while the standard 90-degree elbow had the lowest resistance for the Oka erosion model. 

Conversely, in water-sand flow, elbow design had the most significant effect on erosion, followed 

by flow rate and water velocity, respectively. The standard 90-degree elbow has the highest erosion 
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resistance, while the 30-degree gored elbow has the lowest erosion resistance. Sand size had 

minimal impact on the erosion rate in both flows. 

 

Key Words: Erosion, Design modification, Computational fluid dynamics (CFD), Standard 90-

degree elbow, Gored elbow, Multiphase flow, Discrete phase model (DPM), Oka erosion model, 

Generic erosion model, Regression analysis, Regression equations, Main effect Plots  
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CHAPTER 1: INTRODUCTION 

1.1 Background of Study  

Elbow pipes, or simply elbows, are curved fittings that connect two pipes at an angle to 

change the direction of the fluid flow. They are commonly used in piping systems for a variety of 

industrial applications, such as oil and gas, petrochemical and process manufacturing industries 

[1]. Elbow pipes allow fluids to change direction around obstacles and in narrow spaces while 

increasing turbulence, pressure drop, and energy losses. The pressure drop and energy losses in 

the elbows are influenced by the fluid velocity, pipe roughness, pipe diameter, bend radius, and 

bend angle [2]. These parameters determine how the pressure and energy change in the elbow 

system with different intensities. Elbow pipes are versatile and can accommodate a wide range of 

fluids and boundary conditions due to their availability in various materials, sizes and shapes [3]. 

However, elbow pipes are prone to erosion due to high fluid velocities near the inner wall 

caused by the flow direction. Erosion occurs when a fluid carrying solid particles repeatedly 

impacts the surface of the material, causing wear [4]. Substantial wear and tear damage can lead 

to component failure, pipeline leakage and other dangerous consequences. Research has 

demonstrated that components such as elbows, tees, valves, chokes, u-bend and other geometries 

that cause rapid changes in flow direction are more susceptible to wear damage [5].  

Elbows in pipeline systems are highly susceptible to erosion, as they experience an erosion 

rate up to 50 times higher than straight pipes. The fluid changes direction at the elbow, which 

enhances its speed, and this results in the particles striking the elbow wall with higher intensity, 

causing erosion. Erosion is influenced by various factors, such as fluid velocity, fluid properties, 

particle size and concentration, angle of elbow, particle and targeted material and flow pathway 

geometry. An explanation of the factors affecting the erosion is given [6].  

• Fluid velocity  

The major cause of piping system failure, especially in standard 90° elbows, is solid particle 

erosion. This occurs when the abrasive action of these particles, such as sand, dirt or other 
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contaminants, abrades the pipe wall. The wear rate of the pipe wall is proportional to the fluid 

speed and the impact force of the particles. Higher fluid velocity boosts the kinetic energy and 

impact force of the particles, which in turn enhances the erosion intensity.  

• Fluid properties  

The properties of the fluid, such as concentration, hardness, viscosity, corrosiveness, 

chemical composition, pressure and temperature, can have a significant impact on erosion in the 

piping system. These properties that influence the erosion rate are crucial for piping system design 

and maintenance. 

• Particle size and concentration  

The size and concentration of particles in a fluid also affect the erosion intensity in several 

ways. Larger and more concentrated particles can cause more abrasive wear, higher impact force 

and faster erosion rate. This can cause more material removal and slurry behaviour, which can 

enhance erosion severity. Therefore, particle size and concentration are important parameters to 

consider for erosion prevention and control. 

• The angle of the elbow 

The angle of an elbow in a piping system can affect erosion by causing variations in the fluid 

flow patterns and force distribution on the elbow's inner surface. Sharper angles, such as 90° bends, 

can create more pressure drop, more turbulence, fluid direction changes, boundary layer 

separation, and vortex formation, leading to higher erosion rates.   

• Material properties  

Erosion is influenced by the material properties of both the erodent and impacted surface. 

The erodent properties, such as size, shape, concentration, hardness and velocity, affect its erosive 

potential and impact force on the surface. The impacted surface properties such as hardness, 

toughness, corrosion resistance, wear resistance, chemical computability and surface finish affect 

its resistance to wear and deformation caused by the erodent.   

• Design consideration 
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 Design consideration and modification are crucial for influencing the erosion in piping, 

elbows and other fluid-handling applications. The following design factors are important for 

erosion in fluid processing systems 

• Removing dead zones and sudden shifts in the flow direction 

• Maintaining appropriate ranges of fluid velocities and pressure levels 

• Lowering the chances of turbulence and flow separation 

• Applying particle filtration and separation systems 

 

1.2 Problem Statement 

Erosion is a major concern in oil and gas piping system elbows, as it can lead to leakage, 

failure, malfunction, or burst of the pipelines. The main cause of erosion is the collision of solid 

particles, such as sand, on the elbow surface, which are entrained by the fluid flow. Erosion in the 

elbows is influenced by several factors, such as the speed, size and shape of the particle, the angle, 

material and roughness of the elbow surface, and the shape of the flow channel. Previous 

investigation has revealed that particle velocity is the most influential factor in erosion and that 

lowering particle velocity can greatly reduce erosion.   

Design modification is an effective technique for mitigating erosive wear in the elbow. 

Previous studies have shown that vortex-chamber, plugged tee, twisted tape insertion, and 

innovative pipe wall can significantly reduce elbow erosion. The performance of a gored/segment 

elbow in reducing erosion will be examined in this study. A gored/segment elbow is an elbow that 

consists of a number of segments that are connected to form a smooth curve. The segments of a 

gored elbow can be welded or mechanically joined. Gored elbows are available in various sizes 

and angles. 

CFD is a proven, powerful, and efficient tool to simulate fluid flow and erosion processes in 

piping systems. CFD-based erosion modelling has been widely used and validated in various 

industrial applications. It provides reliable predictions of erosion behaviour under different 
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boundary conditions. This research aims to use CFD-based erosion modelling to examine the 

influence of gored elbows on erosion rate and to propose optimal solutions for mitigating erosion 

in piping systems. 

1.3 Objectives 

 The research objectives are: 

• To review the literature on erosion mitigation methods for standard elbows   

• To investigate the impact of gored elbows on erosion 

• To explore optimal design and orientation angles of the gored elbow for erosion 

mitigation 

• To compare the erosive wear of gored and standard elbows for diverse particle 

sizes, concentrations, and flow velocities   

• To develop effective strategies for preventing erosion of elbows 

1.4 Scope of the study  

 The scope of this research is to inspect the effect of gored elbows on erosion rate and to 

devise effective strategies for erosion prevention in oil and gas piping systems. The study will 

address the following key aspects: 

• Conducting a comprehensive literature review on erosion mitigation methods for 

standard elbows. 

• Analyzing the influence of gored elbows on erosion rates. 

• Exploring optimal design and orientation angles of gored elbows to mitigate 

erosion. 

• Comparing erosion rates between gored and standard elbows under various particle 

sizes, concentrations, and flow velocities. 

• Formulating effective strategies for preventing erosion in elbows.  

 This study will focus on elbows and exclude other components, such as tees, valves, or 

chokes, that may also be prone to erosion. This study will also not consider other factors that may 
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influence erosion, such as fluid properties, corrosiveness, or temperature. This study will be based 

on a literature review and computational fluid dynamic (CFD) simulation using ANSYS Fluent 

software.  

1.5 Outline of the Thesis    

 This thesis examines the erosion mechanism of elbow pipelines, which are widely used in 

diverse industrial sectors. The goal is to improve the performance, reliability, and safety of pipeline 

systems. The thesis is composed of five chapters, each presenting a different aspect of the research 

on the erosion rate of elbow pipelines. Chapter 1 introduces the study of erosion rate in pipelines 

with bends and provides the background, problem, objectives, and scope of the research. Chapter 

2 reviews the existing literature on erosion rate and highlights the key factors that influence it. This 

chapter also explores the latest developments in erosion mitigation techniques in elbows. Chapter 

3 presents the validation and methodology used to simulate the erosion rate in various designs of 

gored or segment elbow pipelines under different conditions. Chapter 4 presents and analyses the 

numerical results, mechanism and the influence of various parameters on wear rate in detail. 

Chapter 5 reports the key findings, conclusions, and recommendations for future work. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction  

One of the major problems for the hydrocarbon industry is erosion, which affects the 

efficiency and reliability of pipeline systems. Erosion is triggered by the influence of solid particles 

carried by a fluid flow, which wear away the material surface [7]. As a consequence, elbows, which 

are pipe fittings that alter the flow orientation, are more susceptible to erosion than straight pipes 

[2]. However, the standard 90° bend is the most commonly used flow-changing device in the oil 

and gas industry. Therefore, many researchers have investigated the erosive wear behaviour and 

mechanism of 90° elbows using experimental and numerical methods. For example, Khan (2020) 

used a multi-layer paint modelling technique and computational fluid dynamics (CFD) for erosion 

analysis distribution inside an elbow under liquid-solid flow conditions. They found that elevating 

the slurry speed significantly changed the way particles impacted the wall, resulting in an increase 

in material loss in the underside of the elbow [8].  

The erosive wear mechanism of 90° bends has been extensively explored by various 

experimental and numerical studies. For instance, Solnordal (2015) aimed to determine the wear 

rate of a standard 90° elbow under pneumatic conveying of sand particles using experimental and 

numerical approaches. They used a surface profiler to measure the erosion depth of the elbow and 

then simulated the flow patterns and particle tracks using CFD and discrete phase model (DPM). 

Moreover, the authors evaluated different particle-wall collision models and found that the rough 

wall model best fitted with the experimental data[9]. 

In another study, Mazumder (2005) conducted an experimental and computational analysis 

of elbow erosion in mixed-phase flow. They measured the erosion rates of elbows in an erosion 

test loop and simulated the fluid and particle flow using CFD. The authors concluded that the 

mechanistic model developed in their study could be used to estimate erosion in elbows in 

multiphase fluid flow, and could be used to optimize the elbow design and operation[10]. 

Kesana and colleagues (2013) examined the erosive wear tendencies induced by the mixed-

phase interaction of air and sand particles traversing a standard elbow. Employing ultrasonic 
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technology alongside numerical simulations, they quantified and replicated the dispersion and 

extent of erosive impact spanning the surface of the elbow. The authors verified the accuracy of 

their numerical model by comparing it with experimental data from various sources and evaluated 

the performance of different collision models. They also investigated the influence of particle size 

and hardness on erosion behaviour. The research revealed the exact location and intensity of 

maximum erosion for different flow conditions and orientations. This scholarly contribution 

enhances the understanding and prevention of the erosion phenomenon in industrial pipe elbows 

[11]. 

Erosion is a significant issue for elbows in pipeline systems, as they undergo much more 

material damage than straight pipes. Although erosion cannot be totally prevented, various 

methods have been developed by researchers to lessen the severe impacts of wear and tear on 

elbow parts. Hence, understanding and mitigating erosion in 90° bends is crucial for ensuring the 

safety and performance of pipeline systems. 

2.2 Mechanism of Erosion  

Erosion is a complex process that occurs due to the interaction between fluid flow and solid 

particles. The primary mechanism of erosion is the impact of these particles on a material surface, 

leading to material removal over time. This impact generates mechanical forces that can cause 

material detachment, surface abrasion, and eventual degradation. The erosion wear mechanism 

depends on various factors such as the properties of the particles, the angle of incident, the fluid, 

the surface as well as the flow conditions [12].  

Literature reveals that the erosive wear mechanism is different for ductile and brittle 

materials. The mechanism of material removal from ductile material surfaces is cutting, 

deformation, fatigue and corrosion.  

Cutting: This occurs when a hard, sharp particle strikes a soft, smooth surface, resulting in a 

deep groove or chip. This is the most severe type of erosive wear and leads to high erosion rates 

and significant material loss.  
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Deformation: This occurs when a soft and round particle collides with a hard and rough 

surface, resulting in a shallow pit or dent. This is the least severe type of erosive wear, and it leads 

to low erosion rates and low material loss.  

Fatigue: This occurs when a hard and sharp particle impacts a hard and rough surface 

repeatedly, causing cracks or spalls. This is a moderate type of erosive wear and leads to moderate 

erosion rates and moderate material loss.  

Corrosion: This occurs when a particle impacts a surface in a corrosive environment, causing 

oxides or other compounds to form on the surface. This can either enhance or reduce the erosion 

wear, depending on whether the surface is protecting or weakening, which leads to variable erosion 

rates and material loss [13]. 

Another study investigated the amount of material loss due to the energy transfer from the 

particle to the surface, which varied with the particle, fluid, flow, and surface features. The angle 

of impact also influenced the erosion rate and pattern. Moreover, this study indicated that low-

impact angles produced deep grooves (cutting), while high-impact angles produced shallow pits 

(deformation), and intermediate angles produced both (cutting and deformation) [14]. The 

mechanism of ductile material erosion is explained in Figure 1. 

 

Figure 1: Erosion progression in ductile material (a): Prior to the particle contact, (b): Crater 

development and material piling at one side of the crater, (c): Material removal from the surface [14]. 

Alternatively, the predominant erosion mechanism in brittle materials involves the initiation 

of cracks due to high-velocity impact particles, resulting in the transfer of their kinetic energy. The 

impact instigates the development of radial, lateral, and medium cracks, which have the potential 
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to extend and intersect. The eventual removal of material takes place when cracks either reach 

unbounded edges or merge to form fragments. The cracking mechanism is dependent upon diverse 

factors, including particle attributes such as size, shape, hardness, and velocity, as well as surface 

characteristics encompassing hardness, toughness, and surface roughness. Additionally, the angle 

of incidence of the particle plays a pivotal role in influencing stress distribution, as well as the 

instigation and progression of crack formation [15]. 

2.3 Variables Affecting the Erosion Rate 

 Erosion dynamics is a complex field that involves many factors that affect how material 

degrades over time. This section explores how these factors work together to determine the erosion 

rate in various systems. The factors include the characteristics of the fluid and the particles, the 

properties of the surface, the condition of the flow, the environmental influences, and the 

interaction between the particle and the target [16]. By understanding how these factors interact, 

we can obtain a better insight into the mechanism of erosion. We can also learn how to design 

materials and strategies that can reduce erosion and improve performance. 

2.3.1 The Effect of Particle Characteristics on the Rate of Erosion. 

According to a study, particle size is a vital factor that influences the erosion characteristics 

of materials such as stainless steel, copper, and aluminium. Researchers utilized a slurry jet erosion 

test to investigate the impact of particle size on the erosion rate and mechanism of these materials 

at varying impact angles. The findings revealed that as the particle size increased from 50 to 300 

micrometres, the erosion rate increased, and the erosion mechanism transitioned from cutting to 

deformation. Additionally, this study also demonstrated that as the impact angle varied from 15 to 

90 degrees, the erosion rate enhanced. This finding provides valuable insight into the relationship 

between impact angle and erosion rate [17].  

In contrast, another study claims that the resistance of materials to solid particle erosion 

(SPE) is influenced by a variety of factors. The authors of this review paper summarize the current 

understanding of these factors, including flow conditions, particle characteristics, and material 

properties. They discuss how these factors affect the SPE rate and mechanism and conclude that 

the SPE and mechanism are intricately dependent on these factors. Furthermore, they suggest that 
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the optimal design of materials and coating for combating erosion requires a careful balance of 

hardness and toughness, as well as the careful use of surface treatment and modification [18].  

Similarly, another study was carried out to analyze the impact of particle characteristics such 

as size, shape and flow rate on the erosion of stainless steel. The researcher conducted experiments 

within a test section featuring a distance between elbows equivalent to 12D, employing varying 

particle sizes and flow rates. Transducers were utilized to accurately and reliably measure the wall 

thickness loss in the elbows and assess erosion. The findings from the experiments revealed a trend 

of decreasing erosion rates in the initial elbow with diminishing particle sizes. Conversely, the 

second elbow exhibits higher erosion rates with 300 µm particle size, although the erosion in the 

second elbow was comparatively lower than the first elbow at the 12D distance. Notably, 

concerning the maximum erosion ratio between the two elbows, results demonstrated a reduction 

in the erosion rates ratio (second to first) with an increase in particle size. Moreover, a higher ratio 

between the two elbows was noted with 25 µm particle size compared to 300 µm and 75 µm [19].  

2.3.2 The Influence of Fluid Velocity on the Rate of Erosion. 

The erosion process in the material is significantly influenced by the velocity of the fluid 

flow, emphasizing the necessity for a thorough investigation. In this context, a study was designed 

to investigate the effects of sand loading and flow velocity on the weight loss attributed to erosion-

corrosion in a mild steel specimen. Employing a submerged impingement jet setup, the authors 

delved into the complex interaction between erosion and corrosion phenomenon. The investigation 

was conducted within seawater, encompassing a wide spectrum of flow velocities from 10 m/s to 

20 m/s and sand loading spanning from 300 mg/L to 600 mg/. Through matriculas 

experimentations, the study dissected the contributions of pure erosion, corrosion and their 

combined impact on weight loss. The obtained insights unveiled an intriguing linear relationship 

between the weight loss and both flow velocity and sand loading for cases of pure erosion and 

erosion-corrosion interaction. Remarkably, erosion emerged as the predominant factor across most 

scenarios, except in situations characterized by low velocity and sand loading conditions [20]. 

Another research investigation found that the rate of erosion in a 90-degree horizontal elbow 

increases with carrier fluid velocity. The study also revealed that the erosion rate at different 
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locations of the elbow bend is different, varying from 2.6 to 8.9 mm/year at the fluid speed of 

2.5m/s, 4.0 to 11.2 mm/year at a fluid velocity of 3.5 m/s and 5.8 to 14.6 mm/year at a fluid velocity 

of 4 m/s [21]. 

2.3.3 The Effect of Incidence Angle and Target Surface Orientation on Rate of Erosion. 

The influence of impact angle and the orientation of the targeted surface play a pivotal role 

in shaping the erosion dynamics. The angles at which particles strike a surface significantly affect 

the resulting erosion pattern and material removal. Likewise, the orientation of the surface in 

relation to the incoming particle can either amplify or mitigate erosion effects. Understanding the 

interaction between impact angle and surface orientation is crucial for designing erosion-resistant 

materials and optimizing system performance in various industries.  

Based on the literature review, a study was conducted to examine how elbow angles affect 

the erosion-corrosion behaviour of 1018 steel within the context of gas-liquid-solid multiphase 

flow. This study was carried out in a closed flow loop at standard atmospheric pressure using plug 

flow conditions. This study harnessed a dispersed phase comprising silt (silica sand) at a 

concentration of 2.5 wt%, utilizing silt grains measuring 70 µm for experimental considerations. 

Notably, the ensuing analysis spotlighted a pivotal finding: changing the elbow configuration from 

60 to 90 degrees within a plug flow condition increased the material degradation, up to 1.8 times, 

due to the slit impact [22].  

In a related study, the erosive wear in 15° to 90° elbow was investigated numerically in a 

two-phase, air-solid flow. This study examined both the horizontal-horizontal (H-H) arrangement 

and the vertical-horizontal (V-H) arrangement of the pipe. The assessment of the results shows 

that the maximum erosion rate in the V-H arrangement is greater than in the H-H configuration. 

The result also revealed that the point of maximum erosion on the elbow’s wall in the H-H flow 

configuration is at around 50° while in the V-H flow configuration it is at about 55°. An elliptical 

pattern of material loss with elbow angles from 15° to 45° can be seen. However, a V-shape scar 

emerges with an increase in elbow angle and is more visible at 60° to 90°. These V-shape scars 

are comparatively more visible in the H-H configuration [23]. 

2.3.4 The Effect of Design Elements on the Rate of Erosion. 
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Another influential parameter in the field of pipeline engineering is the design of elbows and 

pipelines, which play a crucial role in determining their erosion rates. The curvature of these 

components and the material used in their construction are key factors in their susceptibility to 

erosion. Elbows that are designed with smooth curves and streamlined shapes can reduce 

turbulence caused by high-speed fluid flow, acting as a barrier against erosion. However, if these 

design elements are not carefully considered, erosion can occur, causing material degradation and 

weakening the structural integrity of the pipelines. 

One such study was performed by examining a vertex chamber in comparison to a standard 

90° elbow. The basic geometric parameters, such as pipe diameter, domain size, and curvature 

radius, were kept constant. A semi-sphere was constructed at the opposite side of the inlet. This 

research work concluded that the erosion rate in the vertex chamber was considerably dropped, 

and in the worst-case scenario, it was half of that in the 90° elbow. In addition to that, the vortex 

chamber could have a longer life span due to the more even distribution of erodent particles impact 

on its surface [24]. The representation of the standard 90-degree elbow's geometry and the vortex 

chamber can be found in Figure 2.  

 

Figure 2: (a) Standard 90-Degree Elbow: (b) Vortex Chamber Elbow [24]. 

2.4 Erosion Mitigation Techniques 

 The problem of erosion poses significant challenges for many industrial applications, 

requiring the development of effective countermeasures to prevent or mitigate its detrimental 

(a) 
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effects. This section provides a comprehensive analysis of the diverse range of innovative 

strategies that have been devised to address this issue, covering both passive and active methods 

of erosion control. Passive methods rely on the selection of suitable materials and the enhancement 

of surface properties to resist erosion, while active methods involve manipulating the flow 

conditions or deploying protective mechanisms to reduce erosion. The section demonstrates the 

practical value of these strategies by illustrating their diversity and adaptability in various 

industrial contexts. 

 A study dedicated to erosion mitigation was conducted, wherein the authors investigated 

the effects of trapezoidal rib on the extrados of a 90° elbow to minimize erosion. Using the CFD-

DPM approach, the authors assessed the performance of the rib. They validated their CFD erosion 

prediction with experimental data for a standard elbow. They observed an elliptical erosion zone 

with a vee-shaped scar on the extrados caused by particle impacts, but it also suffers erosion itself. 

The rib, at θ=25°, achieved the highest reduction of elbow erosion peak by 31.4%. The position 

and velocity of the rib influence its erosion rate and protection effect. Elbow erosion also increased 

with higher particle mass loading. The optimal choice was to install the rib at θ=25°, considering 

the erosion rate and protection effect [25]. The configuration of both the rib and the pipe geometry 

is visually represented in Figure 3.   

 

Figure 3: Rib and Pipe Stricture [25]. 
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2.4.1 Passive Erosion Mitigation 

 Passive strategies for erosion mitigation involve employing altercations in geometry or 

materials to curtail erosion rates and ensure a more even distribution of erosion patterns. For 

example, some studies have investigated the use of swirl pipes, vortex chambers, plugged tees or 

curved pipes upstream of the elbow to induce a swirling flow, thus modifying particle trajectories 

and impact angles. By implementing such measures, the ultimate erosion rate can be reduced, and 

the longevity of the elbow extended. Another approach involves the application of advanced 

materials or coating to strengthen the resistance of pipe and elbow surfaces against erosion [26]. 

Notably, studies have showcased the efficacy of coating such as TiN, CrN, or WC-Co on steel 

pipes. These coatings distinctly enhance attributes such as hardness, toughness, and corrosion 

resistance, thereby elevating the overall performance of pipes and elbows. Passive erosion 

mitigation operates without the need for external energy sources or control systems.   

 A study was conducted to examine how swirling flow can effectively mitigate elbow 

erosion in solid particle pipelines. The study presents a simulation of the effects of various factors 

on the erosion pattern and rate of elbows. The results show that the introduction of a twisted tape 

generates a swirling flow that more evenly disperses solid particles within the pipeline, reducing 

the erosion of the elbow. Additionally, the effectiveness of this erosion reduction is greater when 

the twist ratio is lower and the twisted tape is positioned close to the elbow. As the gas velocity 

increases in the presence of swirling flow, particle impact energy rises, and the collision mode 

transitions from sliding to direct. While the erosion rate of an elbow fitted with a twisted tape also 

increases with the gas velocity, the presence of swirling flow reduces the velocity exponent of the 

erosion rate to some degree. The paper suggests a new approach to mitigating elbow erosion 

through swirling flow and provides insight into the mechanism and factors [27]. The schematics 

of the twisted tape and the elbow are shown in Figure 4. 
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Figure 4: Twisted Tape and Elbow Geometry [27] 

 An additional investigation was conducted to measure the erosion resistance of different 

configurations within a dilute gas-solid multiphase flow context. These configurations comprised 

the plugged tee, vortex chamber, and a conventional 90° elbow. The study concludes that, with 

respect to erosion reduction, the plugged tee geometry surpasses both the vortex chamber and 

conventional elbow. However, it is recognized that the inherent flow dynamics of the plugged tee 

design exhibit limitations when addressing erosive processes under conditions of higher mass 

loading. As a solution in scenarios characterized by substantial mass loading, the vortex chamber 

elbow emerges as the optimal choice [28]. The configuration of the plugged tee, vortex chamber 

and the conventional 90° elbow is illustrated in Figure 5. 

 

Figure 5: (a) Plugged Tee: (b) Conventional 90° Elbow: (c) Vortex Chamber [28]. 



 

16 
 

 A novel study introduces an innovative pipe wall design aimed at reducing the erosion of 

90° elbow. The design involves twisting the pipe wall along the flow streamline direction, creating 

a swirling flow upstream of the elbow. The design of the twisted pipe wall and other parameters 

are displayed in Figure 6. This redistributes transported particles, preventing their concentration at 

a single point on the elbow. The authors used a CFD model based on the Euler-Lagrange approach 

to validate their design. The result shows an erosion reduction of 33% on the 90-degree elbow 

using this novel pipe wall configuration [29]. 

 

Figure 6: Twisted Pipe Wall [29] 

 The existing literature shows that a similar study was conducted to explore innovative 

strategies addressing the issue of elbow erosion. A novel solution for mitigating elbow erosion in 

pneumatic conveying systems was proposed by using hemispherical protrusions. The study 

investigated the influence of arrangement angles, protrusion radius, and number of protrusion rows 

on the erosion rate density using the CFD-DPM approach. The study reveals that a small 

arrangement angle and large protrusion radius for a single row of protrusions resulted in a 

significant reduction in the maximum erosion rate by 36.59%. Introducing multiple protrusion 

rows further increased erosion reduction to 39.09%, but at the cost of increased flow resistance 

[30]. The schematic of the pipe and protrusions in the elbow is illustrated in Figure 7. 
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Figure 7: Pipe and Protrusions in Elbow [30] 

2.4.2 Active Erosion Mitigation 

 Active erosion mitigation involves the utilization of external apparatus or systems to 

regulate or oversee the erosion phenomenon. As an illustration, certain investigations have 

suggested harnessing electrodynamic fields, ultrasonic waves, or acoustic emission sensors to 

manipulate or identify erosion dynamics. These approaches possess the potential to alter particle 

attributes such as charge, velocity, or trajectory or to gauge material attrition, surface texture, or 

fracture advancement. Moreover, the integration of an online erosion monitoring system stands as 

another example. These systems furnish real-time erosion data encompassing erosion rate, 

localization, and intensity. Active erosion mitigation requires the utilization of external energy 

sources or control systems for its operations.  

2.5 Computational Approach and Modeling  

Computational methods and models have greatly advanced the study of erosion and its 

complex interactions with various factors. By simulating the effect of erosion using computational 

techniques, researchers can gain a deeper understanding of the mechanisms, rates, and mitigating 

strategies of erosion. This section explores the importance of computational approaches for 

comprehending and forecasting erosion phenomena.  

Researchers are widely applying computational fluid dynamics (CFD) in research studies 

due to its high flexibility, computational efficiency, and time-saving potential [31]. Computational 
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fluid dynamics (CFD) is an essential tool to study and analyze fluid flow in pipes and elbows, 

which are common components in many industrial processes such as oil and gas transportation, 

hydraulic fracturing, and chemical engineering [32]. The literature review revealed that CFD 

techniques are extensively utilized to perform numerical simulations related to erosion studies 

[33]. Numerical modelling has always been used as a powerful tool for predicting erosive wear 

rate and mechanism, as well as optimizing the design and performance of pipe systems. By 

numerically solving complex equations that describe the erosion mechanism, computational 

modelling provides a systematic way to examine erosion. These models consider the variables that 

influence the erosion rates, such as particle properties, fluid speed, incidence angles, and design 

features. Computational simulations enable researchers to investigate erosion patterns under 

various conditions that may be difficult to reproduce in real-world experiments [34].  

Different computational models have been proposed to study erosion comprehensively. 

Empirical models use experimental data to determine the relationship between erosion rates and 

relevant factors. These models are useful for their simplicity and applicability but may not be 

accurate enough to predict erosion under different conditions. On the other hand, mechanistic 

models aim to understand erosion at a fundamental level. They apply physical principles, such as 

fluid dynamics and particle interactions, to simulate the erosion process in a more detailed way. 

These models reveal the underlying physics of erosion but may need complex numerical 

simulations and specific input parameters [35]. 

Creating accurate computational erosion models is challenging due to the multidimensional 

nature of erosion phenomena. Robust numerical methods and high-performance computing 

resources could accurately establish the interactions between particles, fluids, and target surfaces. 

Moreover, getting precise input parameters for these models can be difficult, as it needs careful 

experimental characterization. Recent progress in computational fluid dynamics (CFD) and 

numerical methods has improved the accuracy and efficiency of erosion simulations. A better 

understanding of turbulence, particle dynamics, and surface interactions enables a more realistic 

representation of erosion processes [36].  

In summary, computational methods and models have greatly improved our knowledge of 

erosion processes. The use of computational fluid dynamics (CFD) techniques allows for 
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flexibility and efficiency in studying the integrations of erosion with various factors. These 

simulations reveal the mechanism, rates, and mitigation strategies of erosion. While empirical 

models are simple, mechanistic models go deeper into the physics of erosion despite requiring 

complex simulations and precise input parameters. Despite the changes, recent advances in 

computational methods enhance the accuracy of representing turbulence, particle dynamics, and 

surface interactions. These improvements enable researchers to develop better erosion control 

strategies and make informed decisions based more comprehensive understanding of erosion 

phenomenon. 

2.6 Summary 

 The literature on this topic indicates that erosion is the process of solid particles in a fluid 

stream hitting and damaging the inner pipe wall, causing wear and deterioration. It is a serious 

problem for the hydrocarbon industry, as it can lead to pipeline failure and environmental hazards. 

One of the most critical components of pipeline systems that are prone to erosion is the 

conventional 90-degree bend, which is used to change the direction of the flow. Moreover, the 

literature reveals that the erosion rate depends on various factors related to the particles, the fluid 

and the surface. Elbow pipes are particularly suspectable to erosion due to their complex flow 

pattern and high particle impact angle. 

 The literature on erosion mitigation strategies emphasizes the effectiveness of design 

modification in reducing elbow erosion. However, there is limited information available on elbow 

erosion, and mitigation strategies are still being developed. Although there is extensive research 

on erosion mitigation strategies for piping systems, the knowledge about gored elbow erosion is 

still limited. As indicated by the literature, design modifications have been shown to be effective 

in mitigating erosion in conventional elbows. However, their application to gored elbows is a new 

and relatively unexplored area.   

 Gored or segmented elbows have the unique characteristic of being made up of segments 

that can be customized in terms of size and shape, providing opportunities for innovative erosion 

mitigation methods. However, the current body of literature on erosion in gored elbows is limited, 
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resulting in a lack of understanding of erosion patterns, underlying mechanisms, and optimal 

mitigation techniques for these specific components. 

 The various dimensions and configurations of gored elbows, including parameters such as 

bend angle, segment angle, segment length and segment diameter, have a significant impact on 

erosion behaviour. Additionally, the different combinations of quantities and arrangements, such 

as three-segment, four-segment, and five-segment gored elbows, introduced complex factors that 

require further investigation.  

 The primary aim of this study is to bridge the existing research gap by reviewing the current 

knowledge on erosion mechanisms and factors, with a particular focus on 90° elbows. 

Additionally, this study seeks to investigate the effectiveness of various design modifications, such 

as altering the curvature or introducing surface features, in reducing the erosion rate in gored 

elbows by changing flow patterns and particle angles. The effectiveness of these modifications 

will be confirmed through the use of CFD models.  

Furthermore, this study aims to compare the performance of gored elbows with 90° elbows 

using CFD simulations. This comparison can help determine whether gored elbows are optimal 

for certain applications and operation conditions, as well as identify which gored configuration 

exhibits the least erosion among different options. 

 Overall, this research can contribute to the understanding and mitigation of gored elbow 

erosion in pipeline systems.            
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CHAPTER 3: METHODOLOGY 

3.1 Introduction 

 This chapter aims to optimize the erosion rates of important pipeline components in the 

gored elbows in comparison to the conventional 90-degree elbow. Numerical methods and 

computational models are used to study the erosion behaviour and design aspects of these diverse 

configurations. The gored elbows are designed with different gored angles: 18 degrees, 22.5 

degrees and 30 degrees. The objective is to determine the gored elbow with the lowest erosion rate 

and the best design for minimizing erosion. 

 This chapter is organized into several sections, each with a specific role in the analysis. 

The first section (3.2) describes the geometrical features of both the gored and 90-degree elbows, 

as they are crucial for understanding the erosion patterns. The second section (3.3) explains the 

grid generation process, which is important for creating a computational domain that reflects the 

physical system. The third section (3.4) discusses the operating conditions which are necessary for 

realistic erosion simulations. 

 The numerical modelling section (3.5) is the main part of the analysis, where various 

techniques are used to model the fluid flow and erosion. The Euler-Lagrange approach is used, 

which treats the fluid as a continuous phase and the eroding particles as a discrete phase. The 

continuous phase model is used for the fluid flow, while the discrete phase model is used for the 

particle tracking. The K-Epsilon turbulence model is utilized for the turbulence effects, and 

standard wall treatment is used for the boundary layer phenomenon. Erosion modelling methods 

are also presented to estimate erosion rates based on fluid flow and particle trajectories. 

 The final section (3.6) provides a comparison between the computational results and the 

empirical data obtained from previous research to validate the accuracy and reliability of the 

numerical models. This validation process is a vital step in ensuring that the approach confirms 

the experimental findings on the flow dynamics and erosion rates in the 90-degree elbow. The 

objective is to demonstrate the applicability and resilience of the numerical methods for simulating 

complex fluid flow phenomena and erosion rates in elbow pipelines. 
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 Figure 8 presents the research methodology of this study, which shows a detailed and 

complex overview of the method and process used. 

 

Figure 8: Diagram illustrating the research methodology 

Regression Analysis & Main 

Effect Plots  
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3.2 Geometry Description 

 The 3D model, as shown in Figure 8 and Figure 9, was created using the SOLIDWORKS 

software suite. The geometric parameters for the simulations were selected based on the findings 

detailed in the reference [37]. The fluid flow enters through an initial straight section of 1000 mm 

in length, which includes a 90° elbow with a radius-to-diameter (r/D) ratio of 1.5. After the elbow, 

there is a subsequent straight segment of 600 mm in length to accommodate the outflow of the 

fluid. The inner diameter (D) of the pipe is fixed at 76.2 mm, as specified in Figure 9(a). Figures 

9(b), and10(a), and (b) illustrate three alternative geometries that have been modified from the 

main model. These geometries have different elbow curvatures, which are known as “gored” or 

“segmented” elbows in fluid dynamics. 

 The first alternative geometry has an elbow with five segments, each with an 18° angle. 

This geometry demonstrates the complexity of multi-segmented designs. The second alternative 

configuration has an elbow with four segments, each with a 22.5° angle. This outline shows the 

flexibility of segmented designs. The third alternative structure has an elbow with three segments, 

each with a 30° angle. This layout reveals the diversity of the segmented designs. These geometries 

were used for comparative analysis of the simulation results. 

  

Figure 9: (a) Geometry Dimensions of the Standard 90° Elbow (b) Geometry Dimensions of the Gored 

Elbow with Five 18° Segments. 

(a) (b) 
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Figure 10: (a) Geometry dimensions of the gored elbow with four 22.5° segments (b) Geometry 

dimensions of the gored elbow with three 30° segments. 

3.3 Grid Generation 

Grid generation is a critical step in computational modelling and simulations. It allows the 

representation of the physical system’s geometry within a computational domain by creating a 

mesh of points or cells that cover the domain and serves as the basis for numerical simulations. 

These simulations enable the estimation of various physical quantities, such as fluid flow, 

temperature, or erosion behaviour, at discrete locations within the domain. The quality and 

resolution of the grid have a direct influence on the accuracy and efficiency of the simulations, as 

they determine the reliability of the results. Therefore, careful selection and application of methods 

and techniques are required to produce grids suitable for specific research objectives. One of the 

methods and techniques that was employed for the research purpose was a mesh refining study, 

which is presented and discussed below. 

A mesh refining study is a process of testing different meshes with varying levels of 

refinement and comparing the results with a reference solution or experimental data. The error rate 

of each mesh is calculated by comparing the results of each mesh with the result of the reference 

solution. The error rate is defined as the relative difference between the two solutions in terms of 

the maximum erosion rate. 

(a) (b) 
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Seven different meshes were applied with varying levels of refinement to the standard 90-

degree elbow geometry to evaluate the accuracy and validity of our numerical simulations. The 

maximum erosion rate obtained from each mesh was compared with the finer meshes as well as 

with the previous experimental results reported in the literature. The number of nodes in each mesh 

reneged from 450,000 to 1,960,102, and the maximum wear rate at a specified location was 

calculated for each mesh. The fluid flow field was divided, and a structured hexahedral mesh was 

generated for each case. The mesh size and the corresponding maximum wear rate for each case 

are illustrated in Table 1. 

Table 1: Maximum Erosion Rate for Various Meshes with Different Node Numbers 

Mesh Number of Nodes Maximum Erosion 

S0 5.72E+05 1.20E-05 

S1 1.20E+06 2.90E-05 

S2 1.33E+06 4.30E-05 

S3 1.50E+06 4.60E-05 

S4 1.72E+06 4.90E-05 

S5 1.96E+06 5.00E-05 

S6 5.72E+05 5.03E-05 

 

S6 was considered as the benchmark or reference solution for the other meshes. It found 

that S5 had the lowest error rate of 0.6%, which means that it had a high accuracy in simulating 

the erosion rate. S4 had a slightly higher error rate of 2.6%, which means that it still had an 

acceptable accuracy. S3 had a higher error rate of 8.5%, which means that it had less precision and 

reliability. S2 had a higher error rate of 14.5%, and S1 had a higher error rate of 42.3%, which 

means that they had poor accuracy and consistency. S0 had an extremely high error rate of 76%, 

which means that it had very low accuracy and validity. 

It was also found that S6 had a high computational cost compared to S5, which took less 

time to run due to its coarser resolution. Therefore, S5 was selected as the optimal mesh for our 
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ongoing numerical analyses, as it struck an excellent balance between accuracy and efficiency. 

Moreover, the previous experimental data from the literature matched well with the numerical 

results of S5, which further validated our choice of mesh and simulation approach. 

The relationship between the maximum erosion rate and the number of nodes was 

visualized on a graph, as shown in Figure 11. The x-axis represented the number of nodes, while 

the y-axis represented the erosion rate. The graph indicated that the maximum wear rate increased 

with the number of nodes increased, but the increase diminished as the mesh became finer. 

 

Figure 11: Grid independent study: maximum erosion rate vs. node count 

To generate the meshes for the different elbow geometries, ANSYS Meshing was used to 

construct hexahedral structured elements. The mesh size and quality were controlled by adjusting 

the number of divisions and the smoothing parameters. The resulting meshes are shown in Figures 

12 and 13, respectively. Figure 12 shows the mesh for the conventional 90° elbow and the gored 

elbow with five 18° segments. Figure 13 shows the mesh for the gored elbow with four 22.5° 

segments and the gored elbow with three 30° segments. The zoomed-in view of the meshes 

illustrates the uniformity and orthogonality of the elements in the region of interest. 
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Figure 12: (a) Mesh generated for the standard 90° elbow (b) Mesh generated for the gored elbow with 

five 18° segments.  

 
Figure 13: (a) Mesh generated for the gored elbow with four 22.5° segments (b) Mesh generated for the 

gored elbow with three 30° segments. 

 

(a) 
(b) 

(a) (b) 
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3.4 Operating Conditions 

The fluid flow problem was solved using the finite volume method. The pressure-velocity 

coupling was handled by the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) 

scheme, which is an iterative algorithm that alternates between guessing the pressure field and 

correcting the velocity field until convergence is achieved. The second-order upwind scheme was 

utilized for the discretization of the pressure, momentum, and turbulent kinetic energy equations. 

This scheme is more accurate and stable than the first-order upwind scheme, as it uses a higher-

order polynomial interpolation.  

The numerical method involved two different scenarios: one with air and the other with 

water as the continuous phases, both interacting with a discrete phase of sand particles. 

For the continuous air phase, which had an air density of 1.225 kg/m³ and an air viscosity 

of 1.78× 10-5 kg/m-s, the boundary conditions were set as a velocity inlet and a pressure outlet. 

The simulation also adopted a standard wall function with no-slip conditions to model the 

interaction between the air and the pipe wall. The pipe wall material was stainless steel 316, with 

a density of 7990 kg/m³.   

Similarly, water was considered as the continuous phase in another scenario, with 

properties different from air. In addition to the conditions stated above, the water phase was 

specified by its density, which was 998.2 kg/m³, and its viscosity, which was 0.001003 kg/m-s. 

This enabled a comparison of how the density and viscosity differences between water and air 

affected the behaviour of the sand particles inside the pipe, which in turn influenced the erosion 

rate of the pipe. This is an important factor to consider for the design and maintenance of pipelines 

that transport sand-water mixtures. 

In both cases, spherical sand particles composed primarily of angular SiO2-1 were 

introduced into the pipeline through the inlet. Different sand diameters were examined to 

understand the effect of particle size on transport and behaviour within the respective continuous 

phases. The sand itself had a density of 2650 kg/m³, providing a wide range of properties for the 

analysis. 
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Various parameters of the continuous and discrete phases were employed to investigate the 

erosion rate in different conditions, The parameters that were varied included velocity, particle 

size and the sand flow rate. The velocity of the continuous phase ranged from 10 to 40 m/s, the 

particle size of the sand ranged from 200 to 500 microns, and the sand flow rate ranged from 0.05 

to 0.4 kg/s. The erosion rate was also compared for each geometry under different conditions to 

detect the optimal geometry that minimized the erosion rate. These parameters were selected based 

on the typical and common conditions encountered in oil and gas pipelines. The velocity range 

covered the expected flow regimes and Reynolds numbers in the elbows, which affect the fluid 

dynamics and turbulence. The particle size range represented the sand particle sizes that are usually 

present in the produced fluids, which affect the impact force and abrasion of the elbows. The sand 

flow rate range varied the mass flow rate and concentration and the erosion intensity in the elbow 

pipes, which affected the material loss and degradation of the elbows.   

The operating conditions for the simulations are summarized in Table 2. The table shows 

the properties of the continuous and discrete phases, as well as the material of the pipe wall. The 

table also includes the range of parameters that were varied to study the effect of velocity, particle 

size, and sand flow rate on the erosion rate.   

Table 2: Operating conditions and parameters for air-sand and water-sand simulations 

Fluid Air Water 

Density (kg/m3) 1.225 998.2 

Viscosity 1.78E-05 0.001003 

Sand type Angular SiO2-1 Angular SiO2-1 

Sand density (kg/m3) 2650 2650 

Material of wall Stainless steel 316 Stainless steel 316 

Steel density (kg/m3) 7990 7990 

Velocity (m/s) 10-40 10-40 

Particle size (microns) 200-500 200-500 

Sand flow rate (kg/s) 0.05-0.4 0.05-0.4 
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The dual approach of studying both air-sand and water-sand interactions enables a 

thorough investigation of the erosion rate for various geometries. By incorporating water along the 

existing parameters, a more complete insight was gained into the different factors involved in this 

complex system. This allows us to optimize the best geometry among the others for both air-sand 

and water-sand conditions. 

Five CFD cases with different influencing parameters were set up for each design to 

investigate the effects of air-sand and water-sand erosion on different elbow designs. The 

influencing parameters included air speed, sand diameter, and sand mass flow rate. Table 3 shows 

the CFD cases and their corresponding values for these parameters. 

Table 3: CFD cases and influencing parameter for air-sand and water-sand analysis 

 

For further analysis, two additional cases with higher values of the influencing parameters 

were created for each design to simulate the worst-case scenarios. The values for these two cases 

are shown in Table 4. 

Table 4: Additional CFD cases with higher values of influencing parameters. 

Case Velocity (m/s) Particle Size (µm) Sand Flow rate (kg/s) 

1 30 400 0.2 

2 40 500 0.4 

 

Case Velocity (m/s) Particle Size (µm) Sand Flow rate (kg/s) 

1 10 200 0.05 

2 12 225 0.065 

3 15 250 0.08 

4 18 275 0.095 

5 20 300 0.1 
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3.5 Numerical Modeling 

Numerical modelling is a crucial tool for the in-depth study of the erosion phenomena, 

which involves the complex processes of fluid flow, particle tracking and erosion calculations. To 

simulate the interaction between air-sand and water-sand mixtures, the Eulerian-Lagrangian 

method is used. This method consists of the following components: 

3.5.1 Euler-Lagrange Approach 

This is the general framework that combines the Eulerian and Lagrangian descriptions of 

fluid and particle motion. The Eulerian description focuses on the properties of the fluid at fixed 

points in space, while the Lagrangian description follows the trajectories of individual particles as 

they move through the fluid. The Euler-Lagrange approach solves the fluid equations on a fixed 

grid or mesh and tracks the particles using a discrete phase model (DPM). The advantage of this 

approach is that it can capture the complex interaction between fluid and particles, such as drag, 

lift, heat transfer, and collision. The drawback is that it requires more computational resources and 

memory than other methods. 

3.5.2 Continuous Phase Model 

This is the part that deals with the modelling of the airflow or water flow as a continuous 

phase characterized by a fixed grid or mesh system that spans the entire computational domain. 

Various fluid properties, such as velocity, pressure, and density, are tracked over time on this grid, 

and the governing fluid motion equations, including the Navier-Stokes equations, are solved. The 

continuous phase model also accounts for the turbulence effects using a k-epsilon ((k- ε)) model, 

which is a two-equation model that describes the turbulence kinetic energy and dissipation rate. 

The continuous phase model provides the background fluid flow field within which particles move. 

In the continuous phase model, governing equations for multiphase flow (air-sand or water-sand) 

are expressed through the Navier-Stokes equations for fluid motion. The flow characteristics of 

the continuous phase are determined by the continuity and momentum equations, which are   

  
𝜕𝜌

𝜕𝑡
+ 𝛻(𝜌�⃗� ) = 0        (3.1) 
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𝜕(𝜌�⃗⃗� )

𝜕𝑡
+ ∇(𝜌�⃗� �⃗�  ) = −∇𝑝 + ∇(τ̿) + 𝜌𝑔𝑖 + 𝑆𝐷     (3.2) 

 

In equations (3.1) and (3.2) 𝜌 is the density of the fluid, and �⃗�  is the velocity vector of the 

fluid, p is the static pressure, τ̿ is the stress tensor, μ is the fluid viscosity,  𝑔𝑖 is the gravitational 

acceleration, 𝑆𝐷is the additional source term due to interaction with the other phase. 

3.5.3 Discrete Phase Model 

This is the part that deals with the modelling of the sand particles as a discrete phase 

characterized by individual particle properties and trajectories. Each particle's position, velocity, 

and other relevant properties are explicitly followed as it moves through the fluid domain, using 

Newton's second law to calculate its acceleration and trajectory based on the forces acting on it. 

The forces include gravity, buoyancy, drag, lift, virtual mass, pressure, gradient, thermophoretic, 

Brownian, Saffman lift, and Magnus forces. The discrete phase model also considers the particle-

particle and particle-wall collision using different models, such as hard sphere, soft sphere, or 

stochastic models. The discrete phase model updates the position and properties of particles at 

each time step, considering their dynamic interaction with the fluid as determined by the 

continuous phase model. The equation of motion for a particle in a multiphase flow is expressed 

by the force balance: 

  𝑚𝑝
𝑑�⃗⃗� 𝑝

𝑑𝑡
= 𝐹 𝐷 + 𝐹 𝐺 + 𝐹 𝑉𝑀 + 𝐹 𝑃      (3.3) 

 

The equation in (3.2) includes the mass of the particles 𝑚𝑝, the drag force  𝐹 𝐷, the buoyancy 

force 𝐹 𝐺 , the virtual mass force  𝐹 𝑉𝑀, and the pressure gradient force 𝐹 𝑃. 

3.5.4 K-Epsilon (K- ε) Model 

This section deals with the aspect that addresses the turbulence effects at the interface 

between continuous and discontinuous phases, using a two-equation model that describes the 

turbulent kinetic energy and dissipation rate. Turbulence is a phenomenon that occurs when fluid 

flow becomes irregular and chaotic because of a high Reynolds number or large velocity gradients. 

Turbulence affects the transport of momentum, heat, mass, and energy in fluid flows. The k-
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epsilon (k-ε) model gives a general description of turbulence by means of two transport equations: 

one for the turbulent kinetic energy (k), which represents the intensity of the turbulence, and one 

for the turbulent dissipation rate (ε), which represents the rate of energy loss due to viscosity. The 

equations are expressed as  

 
∂(𝜌𝑘)

∂𝑡
+ ∇ ⋅ (𝜌𝑘𝐯) = ∇ ⋅ [(𝜇 +

𝜇𝑡

𝜎𝑘
)∇𝑘] − 𝜌𝑘𝜔 + 2𝜇𝑡𝑆𝑖𝑗𝑆𝑖𝑗 −

𝜌

2
𝑢𝑖𝑢𝑗𝐸𝑖𝑗   (3.4) 

 
∂(𝜌𝜖)

∂𝑡
+ ∇ ⋅ (𝜌𝜖𝐯) = ∇ ⋅ [(𝜇 +

𝜇𝑡

𝜎𝜖
)∇𝜖] − 𝐶1𝜌𝜖𝜔 + 𝐶2𝜌𝜖𝜔2     (3.5) 

 

In equation (3.4) 𝑘 is the turbulent kinetic energy, 𝑆𝑖𝑗 is mean strain rate tensor, and 𝐸𝑖𝑗 is 

the mean rotation rate tensor. In equation (3.5) ϵ denote the turbulent dissipation rate and 𝜔 is the 

specific dissipation rate.  

The k-epsilon (k-ε) model is integrated into the continuous phase model to account for the 

effects of turbulence on the fluid flow and fluid-particle interaction. This model was employed as 

the turbulence model for the erosion simulation in accordance with the literature findings and 

suggestions.   

3.5.5 Erosion Modelling 

Erosion modelling is important for the design and maintenance of pipelines, valves, chokes, 

pumps, and other equipment that are exposed to abrasive flows. Numerous erosion models have 

been proposed by researchers to investigate and comprehend the impact of erosion in a numerical 

context. Notable models by Oka [37],[38], Finnie [39], McLaury [40], and Generic models serve 

as valuable blueprints for exploring erosion phenomena. However, it is important to understand 

that no model can guarantee absolute precision and dependability, making it essential to choose 

wisely based on the specific use case and available experimental data. 

The Oka erosion model was chosen for both the air-sand and water-sand analysis in this 

research endeavour. This selection was motivated by the widespread adoption of this model within 

the research community and its notable alignment with empirical data. The Oka model is a semi-

empirical model that accounts for particle impact velocity, impact angle, particle size, and material 

properties when predicting erosion rates. It offers a reasonable and effective method for 
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quantitatively calculating erosion phenomena across a range of scenarios. The Oka erosion model 

is a widely used model for predicting erosion rates. It is a relatively simplified but accurate model 

in many cases. The following equation represents the Oka erosion model 

   E = E0 (
vp

vref
)
𝑘2

(
Dp

Dref
)
𝑘3

𝑓(𝜃)      (3.6) 

 

In equation (3.6) E is the erosion rate, E0 is the reference erosion rate at 90° impact angle, 

vp is the particle impact velocity, vref is the reference impact velocity, Dp is the particle diameter, 

Dref is the reference particle diameter, k2 and k3 are constant, and f (𝜃) is the impact angle 

function.  

In addition to this model, the Generic erosion model was also employed for the purpose of 

comparing the erosion rates in the regression analysis and examining their trends with the Oka 

model. Although there is a significant difference in the values of the two models, their results can 

still be used for the design evaluation process. The Generic model is a general and flexible model 

that does not depend on specific parameters or assumptions for different situations and conditions. 

It can provide reasonable predictions for erosion in fluid flows, even in complex geometries such 

as elbows. 

3.6 Validation of Experimental Results 

This section presents the validation of the erosion rate in a conventional 90-degree elbow 

using numerical simulations. The Oka erosion model, which is suitable for this validation context, 

was used to perform the calculations for the numerical results. The experimental data obtained by 

Vieira et al. [41] were used as a benchmark to evaluate the accuracy of the numerical model. Four 

cases were selected from the experimental study, each considering different air speeds of 15 m/s 

and 23 m/s, sand sizes of 150 µm and 300 µm, and sand rates of 0.00222 kg/s, 0.00263 kg/s, 

0.00274 kg/s and 0.00297 kg/s as input parameters. Table 5 shows the values of these parameters, 

along with the experimental erosion rates reported by Vieira et al. [41] and the numerical erosion 

rates obtained in this study. The percentage error between the numerical and experimental results 

is also listed in the Table 5. 
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Table 5: Numerical and Experimental evaluation of erosion rates in 90-degree elbow  

 

Case 

Air Speed 

(m/s) 

Sand Size 

(μm) 

Sand Rate 

(kg/s) 

Experimental 
Erosion 

Rate(mm/year) 

Numerical 
Erosion Rate 

(mm/year) 

 

% Error 

1 15 150 0.00274 13.2 14.8 12.1 

2 15 300 0.00222 19.3 21.9 13.5 

3 23 150 0.00297 36.2 41.5 14.6 

4 23 300 0.00263 80.3 94.7 17.9 

The results show that the numerical model is able to capture the trends of erosion rate with 

respect to the input parameters, and a good agreement was found between the numerical and 

experimental results. The percentage error was slightly higher for cases 3 and 4, where the air 

velocity and sand rate were higher. A possible reason for this is the increased complexity of the 

erosion model in these conditions, which makes it harder to account for all the variables that affect 

erosion. Moreover, the experimental data may have lower accuracy in these conditions because of 

the challenges of measuring erosion rates at high velocities. However, it is noteworthy that the 

numerical results obtained by this study are significantly lower and closer to the experimental 

results of Vieira et al.'s own numerical results, indicating an improvement in the accuracy of the 

erosion rate predictions. The percentage error, which remained below 20%, is still considered 

acceptable for this type of study. This confirms the validity and accuracy of the numerical model 

for predicting the erosion rate in a conventional 90-degree elbow. Figure 14 demonstrates the 

graphical representation of the experimental and numerical erosion rates for each case, indicating 

a strong agreement between the two sets of results.  
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Figure 14: Comparison of the experimental and numerical erosion rates in various conditions 

The data in the table reveals the relationship between specific parameters and erosion rates. 

It shows that erosion rates increase with increasing air velocity. This indicates the significant effect 

of air velocity on erosion phenomena under the studied conditions. Likewise, sand size also 

influences erosion rates, with larger sand particles causing more erosion than smaller ones. This 

trend is illustrated in Table 3, which shows the erosion rates for two different sand sizes, 

specifically 150 and 300 micrometres, at an air velocity of 23 m/s. These results demonstrate the 

sensitivity of erosion rates to changes in air velocity and sand size, providing a useful reference 

for further analysis and design considerations in related applications. 

 The characteristic Elliptical and V-shaped erosion marks observed on the outer surface of 

the 90° elbow (Figure 4(a)) closely match those reported by Vieira et al. [41] (Figure 4(b)), strongly 

validating the accuracy of the present analysis. The thickness loss in mm/year or mm/day is 

calculated by dividing the erosion rate in Kg/m2-s by the density, as follows: 

  Thickness Loss = Erosion Rate/density          (3.7) 
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Figure 15: Erosion rates for (a) 300 µm and (b)150 µm sand sizes at 23 m/s air velocity 

3.7 Summary  

This chapter presents the overall research methodology and numerical techniques used for 

predicting erosion rates in elbow pipes. It starts with a discussion of the elbow pipe geometry and 

mesh generation techniques. It then provides a detailed overview of the operating conditions for 

simulations involving air and water as continuous phases interacting with discrete sand particles. 

The simulations change the velocity, particle size, and sand flow rate of the sand particles. It also 

explains the numerical modelling approach that combines the Eulerian-Lagrangian method, 

continuous and discrete phase models, and the K-Epsilon turbulence model. The chapter describes 

erosion modelling using the Oka and a Generic model. The chapter ends with a validation of the 

numerical model against experimental data for standard 90-degree elbows, showing good 

agreement and offering insight into the influence of parameters like air velocity and sand size on 

erosion rates. 

  



 

38 
 

CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Introduction 

This chapter discusses and analyses the numerical results obtained from this study through 

CFD simulations. The starting section (4.2) performs a comprehensive analysis of erosion rates in 

air-sand flow. By examining the behaviour of various elbow designs under varying operating 

conditions, this section aims to understand their erosion resistance and performance. The 

succeeding section (4.3) highlights the thorough analysis of the erosion rate in water-sand flows. 

Through a systematic examination of diverse elbow configurations subjected to a range of 

influencing factors, the study of erosion performance is carried out.  

The next section (4.4) focuses on the complex pressure distribution analysis of elbow 

designs in air-sand as well as water-sand flows. The objective is to evaluate factors that influence 

the pressure within the various elbow designs and to identify the high and low-pressure zones. 

Section (4.5) examines the velocity distribution in different elbow configurations within both air-

sand and water-sand flows. This analysis provides valuable insight into the fluid dynamics and its 

interactions with different designs.  

The following section (4.6) investigates particle tracking and analyzes the trajectory and 

impact patterns of the sand particles in both air-sand and water-sand flows. The points of high and 

low-impact zones in various elbow designs are highlighted. Understanding particle behaviour is 

essential for evaluating elbow performance and stability. 

The ending sections (4.7) explore the regression analysis and the generation of regression 

equations for both the air-sand and water-sand flows from the CFD simulation data. This section 

also highlights the standardized effect of the influencing parameters on the elbow design. This 

analytical approach reveals the relationship between the variables and understands how various 

factors influence the erosion rates of elbow designs. The main effect plots in this section examine 

the performance of the elbow configurations and show the resistance against erosion.   
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4.2 Erosion Rates Analysis in Air-Sand Flows. 

The numerical analysis of the erosion rate in air-sand flow in normal conditions and worst-

case scenarios is presented in the following section.  

4.2.1 Erosion Rates Analysis of Air-Sand Flows in Normal Conditions.   

Table 6 shows the results of the air-sand erosion simulations by ANSYS software on four 

elbow designs: a standard 90-degree elbow (Design 1), an 18-degree gored elbow (Design 2), a 

22.5-degree gored elbow (Design 3), and a 30-degree gored elbow (Design 4). The simulations 

varied velocity, particle size, and sand flow rate to assess erosion phenomena. The Oka model 

estimated the maximum erosion rates to compare erosion susceptibility across the designs. This 

paragraph shows the design details using descriptive and consistent names for each design. 

Table 6: Maximum erosion rates for different elbow designs and factors in air-sand flow 

 

Case 

Velocity 

  (m/s) 

Sand Size 

(μm) 

Flow Rate 

(Kg/s) 

Maximum Erosion Rate Oka (Kg/m2-s) 

Design 1 Design 2 Design 3 Design 4 

1 10 200 0.05 6.865E-05 9.070E-05 6.510E-05 7.269E-05 

2 12 225 0.065 1.875E-04 1.787E-04 1.322E-04 1.632E-04 

3 15 250 0.08 4.362E-04 4.358E-04 2.948E-04 4.244E-04 

4 18 275 0.095 8.134E-04 7.533E-04 5.885E-04 7.805E-04 

5 20 300 0.1 1.149E-03 1.151E-03 8.053E-04 1.029E-03 
 

The table shows that for the first case, the 18-degree gored elbow (Design 2) has the highest 

erosion rate, while the 22.5-degree gored elbow (Design 3) has the lowest erosion rate. This 

suggests that Design 2 is the most susceptible to erosion and Design 3 is the most resistant. Design 

1 and 4 have comparable erosion rate values, with Design 4 slightly higher than Design 1. The 

results for case 2, as shown in Table 6 indicate that the 22.5-degree gored elbow (Design 3) has 

the lowest erosion rate in all designs. On the other hand, the standard 90-degree elbow (Design 1) 

has the highest erosion rate in all configurations. The erosion rate values of the 18-degree gored 
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elbow (Design 2) and the 30-degree gored elbow (Design 4) are almost the same, but Design 2 is 

somewhat higher than Design 4. The results for cases 3 to 5, as presented in Table 6, confirm the 

outstanding erosion resistance of the 22.5-degree gored elbow (Design 3) in different conditions. 

This supports the idea that Design 3 is suitable for a wide range of operation conditions. The other 

designs have varying erosion rates, depending on bend angle and flow properties. Figure 16 

illustrates the erosion rates for each case and design in a graphical way. 

 

Figure 16: Erosion rate trends for different elbow designs and air-sand operating conditions 

The graph clearly displays the different erosion rate patterns for distinct elbow designs. 

Compared to the conventional 90-degree elbow (Design 1), represented by the blue curve, the 

22.5-degree gored elbow (Design 3), indicated by the black curve, exhibits a higher erosion 

resistance. The other two designs, the 18-degree gored elbow (Design 2) and the 30-degree gored 

elbow (Design 4), have varying erosion rates compared to the conventional 90-degree elbow 

(Design 1). Depending on the conditions, they demonstrate slightly higher or lower erosion rates. 

As the value of the influencing parameters increases, the 22.5-degree gored elbow maintains its 

erosion resistance better than other configurations. This indicates that the 22.5-degree gored elbow 

is a more effective design choice with outstanding erosion-resistant properties in air-sand flows. 
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The erosion rates of the conventional 90-degree elbow (Design 1) and the 18-degree gored elbow 

(Design 2) for the first case in air-sand flows are illustrated in Figure 17. In contrast, the erosion 

rates of the 22.5-degree gored elbow (Design 3) and the 30-degree gored elbow (Design 4) for the 

same case are shown in Figure 18.   

 

Figure 17: Erosion rate of (a) standard 90-degree elbow (b) 18-degree gored elbow in air-sand flow for 

the first case (velocity=10 m/s, sand size=200μm, flow rate=0.05 kg/s) 

 

Figure 18: Erosion rate of (a) 22.5-degree gored elbow, (b) 30-degree gored elbow in air-sand flow for 

the first case (velocity=10 m/s, sand size=200μm, flow rate=0.05 kg/s) 
 

(a) (b) 
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The erosion pattern observed in the standard 90-degree elbow, as shown in Figure 17 (a), 

reveals elliptical and V-shaped erosion scars. This pattern is typically evident in situations 

involving air-sand flows, as supported by the literature. A comparison of the erosion pattern of the 

18-degree gored elbow and the standard 90-degree elbow shows significant differences. The 

erosion scar in the 18-degree gored elbow is not elliptical; instead, it has a rectangular shape, with 

the larger sides slightly curved. Furthermore, in the case of the 18-degree gored elbow, as 

demonstrated in Figure 17 (b), a unique pattern of scattered and dispersed erosion points, which 

lack a clear shape, replaces the V-shaped scars of the standard 90-degree elbow. In contrast, the 

22.5-degree gored elbow shows a cylindrical erosion scar with one straight side and one gently 

curved side, similar to a semi-circular closed arch. Moreover, the upper surface of the elbow pipe 

exhibits an elliptical erosion scar, characterized by a hollow interior and formed by the dispersion 

of erosion points. These two distinct erosion patterns are illustrated in Figure 18(a). Finally, the 

30-degree gored elbow demonstrates a trapezium-shaped erosion scar with a slightly rounded 

lower side and dispersed erosion points on the upper sections that do not form a specific shape, as 

shown in Figure 18 (b). The varying impact points of sand particles result in different erosion scar 

characteristics in each design. Moreover, the erosion scars indicate that areas more severe erosion 

occurs in areas with higher concentrations of sand particles. 

4.2.2 Numerical Analysis of Erosion Rates in Air-Sand Flows in Worst-Case Scenario 

To determine the performance of each design under the worst-case scenario, the erosion 

rate was further examined by significantly increasing the influencing parameters. Table 7 lists the 

operating conditions and the maximum erosion rate for the two cases.  

Table 7: Maximum erosion rates in worst-case scenarios for different elbow designs and factors in air-

sand flow 

 

Case 

Velocity 

(m/s) 

Sand Size 

(μm) 

Flow Rate 

(Kg/s) 

Maximum Erosion Rate Oka (Kg/m2-s) 

Design 1 Design 2 Design 3 Design 4 

1 30 400 0.2 6.383E-03 7.041E-03 4.659E-03 5.971E-03 

2 40 500 0.4 2.485E-02 2.906E-02 1.935E-02 2.615E-02 
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As Table 7 illustrates, the maximum erosion rate among varies elbow designs. For case 1, 

Design 2, the 18-degree gored elbow, shows the highest maximum erosion, revealing its weakness 

to erosion compared to Design 1, the standard 90-degree elbow. In contrast, Design 3, the 22.5-

degree gored elbow, has the least maximum erosion in all cases, showing its strength against 

erosion. Design 1 and Design 4, the 30-degree gored elbow have comparable erosion rates, with 

Design 1 slightly exceeding Design 4. For case 2, as Table 7 demonstrates, Design 3 keeps its low 

erosion rate among all designs. However, Design 2 has the most erosion in all cases. The erosion 

rates of Design 1 and Design 4 are nearly the same, with Design 4 slightly surpassing Design 1. 

Design 3, the 22.5-degree gored elbow, exhibits the lowest erosion rate in both cases, 

demonstrating its erosion mitigation in the worst-case scenarios. Design 2, the 18-degree gored 

elbow, displays the highest erosion rate in both cases, indicating its susceptibility to erosion. The 

graphical comparison of the erosion rate across various cases and designs, illustrating the 

performance of each design, is presented in Figure 19. 

 

Figure 19: Effect of elbow design on erosion rate in worst case-scenario air-sand flow 

Figure 20 shows the erosion rates for the standard 90-degree elbow and 18-degree gored 

elbow in the worst-case scenario for case 2. Similarly, Figure 21 represents the erosion rate for the 

22.5-degree gored elbow and 30-degree gored elbow in the same case.   
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Figure 20: Erosion rate of (a) standard 90-degree elbow, (b) 18-degree gored elbow in the worst-case 

scenario, in air-sand flow (velocity=40 m/s, sand size=500μm, flow rate=0.4 kg/s) 
 

 
Figure 21: Erosion rate of (a) 22.5-degree gored elbow, (b) 30-degree gored elbow in the worst-case 

scenario, in air-sand flow (velocity=40 m/s, sand size=500μm, flow rate=0.4 kg/s) 

Gored elbows, with their gentle curvature, offer a promising solution for mitigating erosion 

in air-sand flows compared to their sharp-angled 90-degree elbow. This improvement originates 

from several key factors. Firstly, the gored elbow design acts as a gradual transition, easing the 

flow direction change and reducing the harsh flow separation observed in 90-degree elbows. This 

transfer to smoother, more laminar flow with fewer eddies and vortices. Consequently, abrasive 

(a) (b) 

(a) (b) 
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particle interactions with the elbow wall are minimized, leading to less wear. Additionally, the 

expanded flow area within the gored elbow reduces localized high-velocity zones near the inner 

surface, which is the main cause of severe erosion from sand particles. Secondly, the curved 

surface of gored elbows alters the impact angle of sand particles. Compared to the head-on 

collision with a 90-degree elbow, particles meet a lower angle of the gored elbow segments. This 

has two beneficial effects: the normal component of particle velocity decreases, meaning the 

impact force acting perpendicular to the surface is less intense. Additionally, the glancing angle 

increases the likelihood of particle rebound, preventing them from lingering on the surface and 

causing increasing erosive damage. Our data further suggest that the 22.5-degree gored elbow 

emerges as the superior in terms of erosion reduction. This angle appears to achieve the optimal 

balance between flow streamlining and reduced particle impact, outperforming both the 18-degree 

and 30-degree elbow designs.  

The comparison of the gored elbows (Design 2,3 and 4) erosion rate with the standard 90-

degree elbow (Design 1) in various air-sand flow conditions is shown in Table 8. 

Table 8: Gored elbows erosion rate against the standard 90-degree elbow in various air-sand flows 

The air-sand results show that the erosion rate in the gored elbows varies significantly 

depending on the case and the angle. The 18-degree gored elbow (Design 2) has the most erratic 

behaviour, with erosion ranging from 0.95 to 1.32 times the standard 90-degree elbow. The 22.5-

degree gored elbow (Design 30) exhibits the most consistent performance, with erosion decreasing 

in all cases, reaching up to 0.68 times the baseline. The 30-degree gored elbow (Design 4) has a 

moderate performance, with erosion mostly decreasing (0.87 to 0.97 times), except for one case 

Case Design 2 Design 3 Design 4 

1 1.32 times increase 0.95 times decrease 1.06 times increase 

2 0.95 times decrease 0.71 times decrease 0.87 times decrease 

3 0.99 times decrease 0.68 times decrease 0.97 times decrease 

4 0.93 times decrease 0.72 times decrease 0.96 times decrease 

5 1.01 times increase 0.70 times decrease 0.89 times decrease 
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where it slightly increases (1.06 times). The data demonstrate that the gored elbows have the 

potential to substantially reduce erosion (as in Design 3) but also the risk of unpredictable 

performance (as in Design 2) and, in some cases, even erosion enhancement (as in Design 4). 

Therefore, further investigations are required to optimize the angle performance of the gored 

elbows under different flow conditions and case scenarios. 

The performance of the gored elbows in comparison to the standard 90-degree elbow 

(Design 1) in worst-case scenarios, where the influential parameters have the highest values, is 

presented in Table 9.  

Table 9: Gored elbows erosion rate against the standard 90-degree elbow in worst-case scenarios in air-

sand flows 

 

The table shows that the 18-degree gored elbow (Design 2) has the highest increase in 

erosion depth in both cases, suggesting that it is the most vulnerable to the worst-case scenarios. 

The 22.5-degree gored elbow (Design 3) has the highest decrease in erosion in both cases, 

indicating that it is the most resistant to the worst-case scenarios. The 30-degree gored elbow 

(Design 4) has mixed performance, with an increase in one case and a decrease in another, 

indicating that it is moderately affected by the worst-case conditions. The table suggests that the 

angle of the gored elbows plays a significant role in determining the erosion under the worst-case 

scenarios.  

4.3 Erosion Rates Analysis in Water-Sand Flows.  

The numerical analysis of the erosion rate in water-sand flow in normal conditions and 

worst-case scenarios is presented in the following section. 

 

Case Design 2 Design 3 Design 4 

1 1.10 times increase 0.73 times decrease 0.94 times decrease 

2 1.17 times increase 0.78 times decrease 1.05 times increase 
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4.3.1 Erosion Rate Analysis of Water-Sand Flows in Normal Conditions.   

The results for the water-sand erosion simulation for the four distinct elbow designs, each 

subjected to various influencing parameters, are represented in Table 10. The values of velocity, 

sand size, and flow rate and their effect on the maximum erosion rate of each design are displayed 

in Table 10.  

Table 10: Maximum erosion rates for different elbow designs and factors in water-sand flow 

 

Case 

Velocity 

  (m/s) 

Sand Size 

(μm) 

Flow Rate 

(Kg/s) 

Maximum Erosion Rate Oka (Kg/s.m2) 

Design 1 Design 2 Design 3 Design 4 

1 10 200 0.05 8.273E-06 1.772E-05 1.858E-05 1.634E-05 

2 12 225 0.065 1.884E-05 4.926E-05 4.514E-05 4.374E-05 

3 15 250 0.08 3.378E-05 9.081E-05 1.181E-04 1.312E-04 

4 18 275 0.095 7.069E-05 1.874E-04 2.224E-04 2.494E-04 

5 20 300 0.1 8.972E-05 2.125E-04 3.458E-04 3.923E-04 
 

The table shows that in the first case, the conventional 90-degree elbow (Design 1) has the 

lowest erosion rate, while the 22.5-degree gored elbow (Design 3) has the highest erosion rate. 

This means that Design 3 is more prone to erosion, while Design 1 is more resistant to erosion 

effect in the water-sand flows. The table also shows that the 18-degree gored elbow (Design 2) 

and the 30-degree gored elbow (Design 4) have higher erosion rates than the standard 90-degree 

elbow. The erosion rates of Design 2 and Design 4 are similar, but Design 2 is lightly higher than 

Design 4 in terms of erosion susceptibility.  

As shown in Table 10, the conventional 90-degree elbow (Design 1) has the lowest erosion 

rate among all the designs for case 2. In contrast, the 18-degree gored elbow (Design 2) has the 

highest erosion rate, followed by the 22.5-degree gored elbow (Design 3) and the 30-degree gored 

elbow (Design 4). These results indicate that the conventional 90-degree elbow is more resistant 

to erosion than the gored elbows with different angles in the water-sand flows. 
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For cases 3 to 5, all three cases show a similar trend in the erosion rates of different elbow 

designs. The conventional 90-degree elbow (Design 1) has the lowest erosion rate, while the 30-

degree gored elbow (Design 4) has the highest erosion rate. The 18-degree gored elbow (Design 

2) and the 22.5-degree gored elbow (Design 3) have intermediate erosion rates, with Design 2 

being lower than Design 3. Figure 22 shows the graphical representation of how the erosion rate 

varies in different designs under different operating conditions. 

 

Figure 22: Erosion rate trends for different elbow designs and water-sand operating conditions 

The graph shows how the erosion rate varies for different elbow designs in water-sand 

flows. The conventional 90-degree elbow (Design 1), shown by the blue curve, has the lowest 

erosion rate in all cases. The other three designs, the 18-degree gored elbow (Design 2), shown by 

the orange curve; the 22.5-degree gored elbow (Design 3), shown by the black curve; and the 30-

degree gored elbow (Design 4), shown by the red curve, have higher erosion rates than the standard 

90-degree elbow. The gored elbows have similar erosion rates, with minor fluctuations, in the first 

two cases. However, from cases 3 to 5, the 30-degree gored elbow (Design 4) has the highest 

erosion rate, followed by the 22.5-degree gored elbow (Design 3) and the 18-degree gored elbow 

(Design 2). This indicates that gored elbows are less effective in reducing erosion in water-sand 

flow. Compared to other designs, the standard 90-degree elbow shows better performance in 

resisting erosion, even under high-influencing conditions. Hence, the conventional 90-degree 
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elbow is a suitable design for water-sand flows that require high erosion resistance. Figures 23 and 

24 show the erosion rates of the four elbow designs in water-sand flows for the first case. The 

figures also include a top view of the elbow geometry for each design.  

 

Figure 23: Erosion rate of (a) standard 90-degree elbow, (b) 18-degree gored elbow in water-sand flow 

for the first case (velocity=10 m/s, sand size=200μm, flow rate=0.05 kg/s) 

 

Figure 24: Erosion rate of (a) 22.5-degree gored elbow, (b) 30-degree gored elbow in water-sand flow 

for the first case (velocity=10 m/s, sand size=200μm, flow rate=0.05 kg/s) 

The contour plot in Figure 23 (a) indicates that the erosion rate is highest at the downstream 

end of the standard 90-degree elbow. The sides of the pipe experience significant erosion, and the 

elbow experiences the most severe erosion at the point of flow impact, as illustrated by the top 

(a) (b) 

(a) (b) 
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view. The erosion pattern in all three gored elbows is identical to the standard 90-degree elbow. 

However, the gored elbows experience significantly higher erosion at the flow impact. This region 

is evident in all the gored elbows by the red lines, indicating a severe erosion rate at this point. The 

edges of the gored elbows, where the segments meet, are the most critical erosion points. In water-

sand flow, the sand particles directly impact the edges of the gored elbows, causing significant 

wear and tear at these locations. The top view of gored elbows, as shown in Figures 23 (a) and 24 

(a) and (b), reveals dispersed erosion points, in contrast to the conventional 90-degree elbow. This 

difference may be due to the varying impact angles caused by the segments in gored elbows. 

However, it is clear that gored elbows experience significantly higher erosion rates than the 

standard 90-degree elbow in water-sand flows.   

4.3.2 Numerical Analysis of Erosion Rates in Water-Sand Flows in Worst-Case Scenario 

The influencing parameters for the water-sand flow were significantly increased to 

simulate the worst-case scenario, similar to the air-sand flow. Table 11 shows the maximum 

erosion rate and the influencing parameters for the two additional cases. 

Table 11:Maximum erosion rates in worst-case scenarios for different elbow designs and factors in 

water-sand flow 

 

Case 

Velocity 

  (m/s) 

Sand Size 

(μm) 

Flow Rate 

(Kg/s) 

Maximum Erosion Rate Oka (Kg/s.m2) 

Design 1 Design 2 Design 3 Design 4 

1 30 400 0.2 6.649E-04 1.669E-03 1.903E-03 1.791E-03 

2 40 500 0.4 2.584E-03 6.746E-03 8.551E-03 8.932E-03 

 

As shown in Table 11, the standard 90-degree elbow (Design 1) exhibits the best erosion 

resistance in water-sand flows among all the designs, having minimum erosion in both cases. For 

the first case, the 22.5-degree gored elbow (Design 3) suffers the most from erosion, followed by 

the 30-degree gored elbow (Design 4) and the 18-degree gored elbow (Design 2). For the second 

case, however, the erosion rate is worst for the 30-degree gored elbow (Design 4), followed by the 

22.5-degree gored elbow (Design 3) and the 18-degree gored elbow (Design 2). This shows that 

gored elbows are not valuable for mitigating erosion rate in water-sand flow. Based on this 
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discussion, it can be concluded that gored elbows are ineffective in reducing the erosion rate in 

water-sand flows. A graphical representation of the worst-case scenario performance of each 

design is given in Figure 25.  

 

 

Figure 25: Effect of elbow design on erosion rate in the worst case-scenario water-sand flow 

Figure 25 shows that the 90-degree elbow has significantly lower erosion rates than the 

gored elbows, even in the worst-case scenario of water-sand flow. This is probably due to its 

streamlined shape, which reduces the impact of solid particles. In contrast, the edges in the gored 

elbows make erosion worse, particularly in worst-case scenarios. Therefore, the 90-degree elbow 

is a better option in water-sand flow applications.   

The erosion rate rises sharply as the influencing parameters increase, as Figures 26 and 27 

demonstrate. This is evident in the erosion spots, especially on the outer surface of the 90-degree 

elbow, and the gored elbow corners are more prone to erosion, as indicated by the red marks. This 

finding reveals how these components react to different parameters and show the areas where 

erosion is more intense. The worst-case scenario for case 2 is illustrated in Figures 26 and 27, 

which compare the erosion rates of the standard 90-degree elbow and the gored elbows with 18, 

22.5 and 30 degrees. 
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Figure 26: Erosion rate of (a) standard 90-degree elbow, (b) 18-degree gored elbow in the worst-case 

scenario, in water-sand flow (velocity=40 m/s, sand size=500μm, flow rate=0.4 kg/s) 

 
Figure 27: Erosion rate of (a) 22.5-degree gored elbow, (b) 30-degree gored elbow in the worst-case 

scenario, in water-sand flow (velocity=40 m/s, sand size=500μm, flow rate=0.4 kg/s) 

Water-sand flows turn gored elbows from erosion protectors to erosion causers. Their 

curved shapes, which work well in air-sand flows, cause a lot of damage in water-sand flows. The 

gored elbow shape makes the flow more chaotic, and sand particles spin around and scratch the 

elbow surface. Vortices and recirculation zones keep these sand particles in place, making some 

areas more eroded than others. 

(a) (b) 

(a) (b) 
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The gored elbow shape reduces the overall flow rate but increases the flow velocity in some 

regions. Near the inner wall and the transitions, the flow is constricted, giving more energy to the 

sand particles. These regions have high erosion rates, where sand particles create deep groves and 

marks on the elbow surface. At the edges, where the segments meet, the flow makes a sharp turn, 

creating a vortex and a velocity spike. This region also has high erosion rates, where sand particles 

abrade the elbow surface. Our results show that the 30-degree design, with its large curve, has the 

highest erosion rate, followed by the 22.5-degree and 18-degree designs. The 90-degree elbow, 

with its simple geometry, has the lowest erosion rate.  

Table 12 shows how the erosion rate in the gored elbows (Designs 2,3 and 4) differs from 

the standard 90-degree elbow (Design 1) under various water-sand flow conditions.  

Table 12: Gored elbows erosion rate against the standard 90-degree elbow in various water-sand flows 

Case Design 2 Design 3 Design 4 

1 2.14 times increase 2.25 times increase 1.97 times increase 

2 2.62 times increase 2.40 times increase 2.32 times increase 

3 2.69 times increase 3.49 times increase 3.88 times increase 

4 2.64 times increase 3.14 times increase 3.52 times increase 

5 2.37 times increase 3.86 times increase 4.37 times increase 

The table shows that the gored elbows have much higher erosion than the standard 90-

degree elbow in all cases and that the erosion generally increases with the angle of the gored 

elbows. The table also suggests that the water-sand flows have different effects on erosion 

depending on each case. All the 18-degree elbow (Design 2), the 22.5-degree gored elbow (Design 

3), and the 30-degree gored elbow (Design 4) have the lowest increase in erosion rate in case 1 

with 2.14, 2.25 and 1.97 times, respectively, as the factor of erosion increase. Conversely, the 18-

degree gored elbow (Design 2) in case 3 has the highest increase of 2.69 times, while the 22.5-

degree gored elbow (Design 3) and the 30-degree gored elbow (Design 4) have an increase in 

erosion in case 5 with 3.49 and 4.37 times respectively.  
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The performance of the gored elbows in comparison to the standard 90-degree elbow 

(Design 1) in worst-case scenarios, is shown in Table 13.  

Table 13: Gored elbows erosion rate against the standard 90-degree elbow in worst-case scenarios in 

water-sand flows 

Case Design 2 Design 3 Design 4 

1 2.51 times increase 2.86 times increase 2.69 times increase 

2 2.61 times increase 3.31 times increase 3.46 times increase 

The 30-degree gored elbow (Design 4) has the highest increase in erosion in both cases, 

implying that it has the most erosion compared to the standard 90-degree elbow (Design 1). The 

18-degree gored elbow (Design 2) has the lowest erosion in both cases, indicating the least erosion, 

while the 30-degree gored elbow (Design 3) has a moderate increase in erosion in both cases, 

representing a medium erosion increase compared to the standard 90-degree elbow. The increase 

in erosion demonstrates that the gored elbows are less effective than the standard 90-degree elbow 

for water-sand flows. 

4.4 Pressure Distribution  

This section explores how pressure varies in different elbow designs for air-sand and water-

sand flows and how these designs influence the flow of fluids.  

4.4.1 Pressure Distribution Analysis of Elbow Designs in Air-Sand Flow 

The numerical results show that the pressure is highest at the extrados (outer surface of the 

elbow), and lowest at the intrados (inner surface of the elbow) of the elbow in the air-sand flow. 

The pressure decreases gradually from the extrados to the intrados. The extrados of the elbow has 

the highest pressure and the most particle impact, leading to the most erosion at that point. The 

opposite is true for the intrados of the elbow, where the pressure and the particle impact are lowest, 

and the erosion is minimal. The pressure distribution in the standard 90-degree elbow and the 18-

degree gored elbow is illustrated in Figure 28.  
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Figure 28: Pressure distribution in (a) standard 90-degree elbow, (b) 18-degree gored elbow for air-sand 

flow 

The pressure distributions in the conventional 90-degree elbow and the 18-degree gored 

elbow are largely similar, with some minor variations. The most notable differences are in the 

extrados and intrados areas, where the contour patterns differ. Moreover, the 18-degree gored 

elbow has a slightly higher maximum pressure than the 90-degree elbow. The pressure distribution 

in the 22.5-degree gored elbow and the 30-degree gored elbow is displayed in Figure 29.  

 

Figure 29: Pressure distribution in (a) 22.5-degree gored elbow, (b) 30-degree gored elbow for air-sand 

flow. 

(a) (b) 

(a) (b) 
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The pressure distribution varies notably between the 90-degree elbow and the 22.5 and 30-

degree gored elbows. The gored elbows have red dots at the edges of the extrados, which contrast 

with the continuous lines of the 90-degree elbow, showing different patterns. The intrados of both 

the gored elbows also have so minor variations. The 22.5-degree gored elbow has a higher 

maximum pressure than the standard 90-degree elbow, and the 30-degree elbow has the highest 

pressure among all the elbows. 

4.4.2 Pressure Distribution Analysis of Elbow Designs in Water-Sand Flow 

The pressure variations in the conventional 90-degree elbow and the gored elbows with 18, 

22.5 and 30-degree angles in water-sand flows are shown in Figures 30 and 31.  

 
Figure 30: Pressure distribution in (a) standard 90-degree elbow, (b) 18-degree gored elbow for water-

sand flow 

The pressure distribution in water-sand flow is similar to that in air-sand flow. The extrados 

has the highest pressure, and the intrados has the lowest pressure. The main difference is that the 

pressure values are much higher in water-sand flow; this could be due to the greater density of 

water. The pressure patterns in the 90-degree elbow and the gored elbows are consistent with those 

in the air-sand flow. The corners of the gored elbows have red spots in water-sand flow, which 

show the highest pressure and imply a similar pressure pattern to air-sand flow. 

(a) (b) 
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Figure 31: Pressure distribution in (a) 22.5-degree gored elbow, (b) 30-degree gored elbow for water-

sand flow. 

4.5 Velocity Distribution  

This section examines how different elbow designs affect the velocity distribution and fluid 

flow dynamics in both air-sand and water-sand flows.  

4.5.1 Velocity Distribution Analysis of Elbow Designs in Air-Sand Flow 

CFD simulations revealed that the highest flow velocities occur at the intrados of the elbow, 

while the lowest flow velocities occur at the extrados. A gradual decline in velocity is observed 

from the intrados toward the extrados of the elbow. Furthermore, it is worth noting that the region 

immediately adjacent to the extrados, known as the boundary region, experiences a somewhat 

slower flow. This is followed by a subsequent increase in velocity and finally attains maximum 

speed at the intrados. Figure 32 shows the velocity distribution in both the standard 90-degree 

elbow and the 18-degree gored elbow, revealing a remarkable similarity between the two 

configurations. This could be attributed to the fact that the 18-degree gored elbow consists of five 

segments that form a smooth curve with slightly flattened sides, resembling the shape of the 

conventional 90-degree elbow.  

(a) (b) 
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Figure 32: Velocity distribution in (a) standard 90-degree elbow, (b) 18-degree gored elbow for air-sand 

flow 

The design of the elbow has a significant impact on the velocity distribution. The velocity 

distribution in the 22.5-degree and 30-degree gored elbows is shown in Figure 33.  

 

Figure 33: Velocity distribution in (a) 22.5-degree gored elbow, (b) 30-degree gored elbow for air-sand 

flow 

The velocity variation in these elbows differs significantly from the standard 90-degree 

elbow. The 22.5-degree gored elbow has a larger region of low velocity near the extrados and a 

smaller region of high velocity in the middle than the standard 90-degree elbow. Furthermore, the 

high-velocity region near the intrados of the 22.5-degree gored elbow is also much smaller than 

(a

) 

(b

) 
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that of the standard 90-degree elbow. The velocity distribution in the 30-degree gored elbow is 

very similar to that of the 22.5-degree gored elbow, but there are some minor differences. In the 

30-degree gored elbow, the region of low velocity near the extrados is larger than in the 22.5-

degree gored elbow. Similarly, the region of high-velocity in the middle is smaller, and the high-

velocity region near the intrados is somewhat less evident in the 30-degree gored elbow compared 

to the 22.5-degree gored elbow. The shape of the gored elbow, especially the edges, influences the 

streamlining of the elbow configuration and causes these variations.   

4.5.2 Velocity Distribution Analysis of Elbow Designs in Water-Sand Flow 

The velocity distribution in the water-sand flow in the 90-degree elbow and the 18, 22.5 

and 30-degree gored elbow is shown in Figures 34 and 35. The velocity distribution of water-sand 

flow is similar to that of air-sand flow, with some small differences. In water-sand flow, the low-

velocity region near the extrados is more noticeable, and the high-velocity region near the intrados 

is less prominent. These higher densities of water affect the velocity distributions in the boundary 

layer near the wall, resulting in different flow patterns between the conventional 90-degree elbow 

and the gored elbows. Moreover, in the gored elbows, the high-velocity and low-velocity regions 

are comparatively smaller than in the 90-degree elbow configuration. The shape of the elbow 

affects the velocity distribution of water-sand flow in the same way as it does for air-sand flow. 

The shaper edges of the 30-degree gored elbow case have more noticeable velocity distributions 

near the wall, which is consistent with what is observed in air-sand flow.    

 
Figure 34: Velocity distribution in (a) standard 90-degree elbow, (b) 18-degree gored elbow for water-

sand flow 

(a) (b) 
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Figure 35: Velocity distribution in (a) 22.5-degree gored elbow, (b) 30-degree gored elbow for water-

sand flow. 

4.6 Particle Track 

This section uses particle tracking to visualize the paths of particles and the region of the 

elbow that experiences different levels of erosion. This section will discuss the particle tracking 

analysis for each of the four designs: the standard 90-degree elbows and the three-gored elbows 

with 18, 22.5 and 30-degree segments.    

4.6.1 Particle Track in Air-Sand Flow 

Particle tracking is used in both air-sand and water-sand flows to identify the areas where 

particle impacts are more or less frequent. Particle tracking also reveals the paths that particles 

follow after impacting the elbow surface, providing insights into their post-impact trajectories. To 

comprehensively illustrate the diverse particle paths and behaviours within each design, two 

specific particles were tracked in detail. This in-depth analysis allowed for a subtle understanding 

of individual particle interactions with the elbow segments. Additionally, the trajectories of a larger 

number of particles were also tracked to provide a broader perspective on the overall flow patterns 

and collision frequency within each design.   

Figure 36 (a) shows the particle trajectories within the standard 90-degree elbow in air-

sand flow. The particle trajectory is shown by two particles which enter the inlet of a 90-degree 

(a) (b) 
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elbow pipe and follow a straight path until they collide with the elbow wall. The first point of 

impact for particles 1 and 2 are indicated by a1 and a2, respectively. After the first impact, their 

paths change and they collide with the elbow wall again at the second points of impact, as shown 

by b1 and b2, respectively. After impinging on the wall of the 90-degree elbow at a1, Particle 1 

undergoes a slight deflection and subsequently strikes the upper wall of the elbow at the second 

point, b1. It then exits the elbow towards the outlet, following a straight path. Conversely, particle 

2, upon impacting the elbow’s upper wall at a2, undergoes a rebound at a shallower angle 

compared to particle 1. This deflection directs it towards the lower side of the pipe, where it strikes 

at point b2. Finally, it exits the pipe through a straight path. Although both particles exhibit high 

kinetic energy at their initial impact, leading to significant wall abrasion at points a1 and a2, the 

subsequent collisions, characterized by lower momentum and diverse angles, contribute less to the 

cumulative erosion rate.  

The zoomed-in view of Figure 36 (a) reveals that particle-wall interactions continue 

beyond the elbow, as evidenced by the scattered points of impact on the lower pipe wall. The most 

prominent finding is a significantly higher concentration of particles impacting on the extrados, 

causing the most severe wear and tear. Conversely, the intrados experiences minimal impact, 

forming a region with markedly lower erosion. This is further visualized by the side view of the 

elbow pipe, where the dotted box highlights the area receiving the majority of particle strikes. 

These diverse impact points directly manifest as distinct erosion patterns. Some particles in the 

elbow strike the extrados, rebound and hit the lower wall, while the intrados remains largely 

untouched, highlighting a vast area with no particle impact. 

Figure 36 (b) illustrates the distinct particle trajectories within the 18-degree gored elbow. 

The particle trajectories in the 18-degree gored elbow are initially similar to those in the standard 

90-degree elbow, but the impact points and post-impact regions differ significantly. Particle 1 

strikes the second segment of the 18-degree gored elbow at point a1, and due to the inclination of 

the segment, the particle experiences a deflection and hits the upper wall at point b1 at a slightly 

longer distance than in the 90-degree elbow. At point b1, the particle is again deflected from the 

last segment of the elbow and collides with the lower wall of the pipe at point c1 at a longer 

distance and then moves to the outlet of the elbow without further encounter with the wall. The 

path of particle 2 after the first collision with the wall at point a2 slightly bends in the upward 
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direction where it hits the side of the pipe at point b2. The rebound of particle 2 directs it to the 

lower wall at c2, similar to particle 1 before exiting.  

 

Figure 36: Particle track for air-sand flow in (a) standard 90-degree elbow, (b) 18-degree gored elbow, 

(c) 22.5-degree gored elbow, (d) 30-degree gored elbow 

The zoomed-in view reveals that the extrados experience extreme particle impacts, 

contributing to higher erosion, while the intrados remain intact. The segment inclination 

significantly affects the paths of the particles, causing them to hit the lower wall at different 

locations, as shown in Figure 36 (b). Compared to the standard 90-degree elbow, the 18-degree 

(a) (b) 

(c) (d) 
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gored elbow experiences a higher number of particles colliding with the lower wall. Additionally, 

the segments in the 18-degree gored elbow distribute particle impacts instead of concentrating 

them in specific locations. This distribution also reduces the erosion rate and directs some particles 

towards the upper wall, receiving a portion of the particle impact.  

Figure 36 (c) and (d) illustrate the contrasting particle trajectories within the 22.5-degree 

and 30-degree gored elbows. In the 22.5-degree case (Figure 36 (c)), particle paths become 

significantly more erratic after the initial collision. Particle 1, highlighted in Figure 36 (c), initially 

follows a straight path before hitting the lower part of the second segment of the elbow at point 

a1. It then deflects off the elbow surface, striking the upper wall at b1. Particle 1 then rebounds 

from this point, hitting the lower wall at c1. Another rebound guides it back to the upper wall, 

where it strikes at d1 before exiting the outlet. Particle 2 (Figure 36 (c)), takes a different path 

compared to particle 1. It initially strikes the third segment of the 22.5-degree gored elbow at a2. 

This segment angle guides particle 2 towards the lower portion of the pipe, causing it to collide 

with the wall at b2. It then rebounds from this point and strikes the pipe again at two distinct 

locations, c2 and d2. Both follow a zigzag pattern, colliding with the outlet pipe wall at multiple 

locations, unlike the 90-degree case where impacts are concentrated. This helps to reduce the 

erosion rate considerably in the 22.5-degree gored elbow due to the segment position in this design.  

The 22.5-degree gored elbow causes particles to rebound from the extrados and hit the 

adjacent part of the lower wall of the elbow pipe. This behaviour is primarily due to the orientation 

of the third segment within the gored elbow design. Observing the side view (Figure 36 (c)), it is 

evident that many particles also impact the upper wall of the pipe. This can be attributed to the 

deflection of particles caused by the first and second segments. Overall, the 22.5-degree gored 

elbow's third segment orientation significantly alters the particle trajectories compared to the 

standard 90-degree elbow. This results in a more dispersed distribution of impacts on both the 

upper and lower walls of the pipe, potentially contributing to reduced erosion in specific areas.  

The 30-degree gored elbow exhibits a broadly similar impact pattern as the 22.5-degree 

gored elbow, with subtle deviations after the first encounter. Particles 1 and 2 initially impact at 

points a1 and a2 (Figure 36 (d), as with the 22.5-degree case. However, their rebounds differ 

slightly. In the 30-degree case, particle 1 exhibits a near identical rebound angle to the 22.5-degree 
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case, striking the upper surface at b1. Particle 2, however, diverges significantly. Its rebound angle 

differs, propelling it towards the upper wall for impact at b2, unlike the lower wall impact seen in 

the 22.5-degree case. Following this, the trajectories diverge further. Particle 1 deflects again and 

hits the lower wall at c1 before striking the upper wall at d1. In contrast, particle 2 hits the lower 

wall at c2 but exits the pipe without further interactions. This highlights the dynamic interplay 

between segment angles and particle paths within the 30-degree gored elbow. Figure 36 (d) reveals 

dispersed particle impacts on the outlet pipe in the 30-degree elbow. This, driven by the gored 

elbow segment angle, spreads particle impact, potentially reducing concentrated wear compared 

to the standard 90-degree elbow.  

It is worth noting that factors beyond the elbow geometry, such as fluid properties, mass 

flow rate and velocity, also influence the impact points and intensity. These aspects contribute to 

shaping the overall erosion patterns and particle transport within the fluid. 

4.6.2 Particle Track in Water-Sand Flow 

As Figure 37 shows, water properties have a significant influence on the trajectories of 

water-sand flows. When two particles enter a standard 90-degree elbow, they initially follow 

straight paths until they reach the bend, as Figure 37 (a) illustrates. At this point, their trajectories 

change. Particle 1 curves sharply and impacts the lower wall at some distance from the elbow 

before exiting directly. Particle 2, on the other hand, follows a gentler curve towards the upper 

wall, crossing the path of particle 1. Particle 1 keeps its slight curvature and exits without further 

collision. Figure 37 (a) also shows the trajectories of a large number of particles in the standard 

90-degree elbow. The outer surface near the end of the elbow, which is highlighted by a dotted 

box, has the highest erosion rate in the water-sand flow. Some particles rebound from this surface 

and hit the lower wall of the pipe, while other particles move straighter and exit of the pipe. Some 

particles curve towards the sides of the pipe and collide with the wall, resulting in erosion.  

The particle trajectories in the 18-degree gored elbow are illustrated in Figure 37 (b). The 

trajectories of the two particles resemble those in the standard 90-degree elbow, but particle 1 is 

closer to the bend in the 18-degree gored elbow. More particles hit the segment edges, causing 

severe erosion. Some particles rebound from the edges and hit the lower pipe wall at different 
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positions. The segments in the 18-degree gored elbow disturb the particle paths, which deviate 

from those in the 90-degree elbow. The 22.5-degree and 30-degree gored elbows have similar 

particle trajectories as the 18-degree ones, with more impacts on the segment edges, as shown in 

Figure 37 (c) and (d). Particles also collide with various positions along the pipe sides, with a 

relatively small number following a straight path to the outlet. The water properties affect the paths 

of the particles to vary from those in airflow.  

 

Figure 37: Particle track for water-sand flow in (a) standard 90-degree elbow, (b) 18-degree gored 

elbow, (c) 22.5-degree gored elbow, (d) 30-degree gored elbow. 
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4.7 Regression Analysis and Main Effect Plots  

Regression analysis is a statistical method used to examine the relationship between a 

dependent variable and one or more independent variables. The goal is to understand how 

variations in the independent variables are associated with changes in the dependent variable. This 

analysis produces an equation that can be utilized for predicting and offers insight into the 

relationship's strengths and nature. The coefficients obtained from regression analysis represent 

the effect of each independent variable on the dependent variable. In contrast, a main effect plot is 

a graphical depiction of the relationship between an independent variable and the mean of the 

dependent variable. It aids in the identification of trends and patterns, simplifying the 

understanding of the variable’s influence. Together, regression analysis and main effect plots 

provide a comprehensive method for understanding and interpreting intricate data sets. They serve 

as invaluable tools for decision-making and hypothesis testing in a variety of fields, including 

economics, social sciences, natural sciences etc.  

This section examines the use of Minitab software for statistical analysis, with a focus on 

regression analysis and main effect plots. It also explores the effects of various factors on elbow 

designs, providing a comprehensive analysis of their impact. Regression analysis was performed 

using the Oka erosion model only due to its higher accuracy in predicting the erosion rate. Main 

Effect plots were generated using both the Oka and Generic erosion models to select the optimal 

design. 

4.7.1 Regression Analysis in Air-Sand Flow 

The regression equation has the advantage of being able to forecast future results and also 

show how the result changes when the influencing parameters are altered. Regression prediction 

involves estimating the value of a dependent variable using the presumed values of related 

independent variables. A regression analysis of air-sand flow was performed in Minitab, using the 

Oka erosion model as the dependent variable and the air velocity (AV), sand size (SS), and flow 

rate (FR) as the independent variable. For each design, a regression equation was fitted using the 

first five cases from the CFD simulations. In the conducting regression analysis, binary coding (1 

for presence, 0 for absence) was employed to represent the categorical predictor of the Design 
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method. The derived regression equation pertinent to each design configuration, numbered from 

Design 1 through Design 4, is presented subsequently. In the equations, ER(Oka) represents the 

erosion rate predicted by the Oka erosion model.   

Design  

   

1 ER(Oka) = -0.000906 + 0.000210 AV + 0.000001 SS - 0.02431 FR (4.1) 

        

2 ER(Oka) = -0.000915 + 0.000210 AV + 0.000001 SS - 0.02431 FR (4.2)

        

3 ER(Oka) = -0.001059 + 0.000210 AV + 0.000001 SS - 0.02431 FR (4.3) 

        

4 ER(Oka) = -0.000943 + 0.000210 AV + 0.000001 SS - 0.02431 FR (4.4) 

The regression equation coefficients can be obtained from Minitab, providing an extensive 

overview of all statistical parameters. Table 14 shows the regression coefficients for each term in 

the regression equation.   

Table 14: Coefficients of the regression equations for air-sand flow  

Term Coef SE Coef T-Value P-Value VIF 

Constant -0.000906 0.000588 -1.54 0.147   

Air Velocity 0.000210 0.000061 3.47 0.004 226.67 

Sand Size 0.000001 0.000005 0.13 0.899 170.00 

Flow Rate -0.02431 0.00606 -4.01 0.001 57.67 

Design           

  2 -0.000009 0.000042 -0.22 0.833 1.50 

  3 -0.000154 0.000042 -3.66 0.003 1.50 

  4 -0.000037 0.000042 -0.88 0.394 1.50 

 

The statistics that measure the fit of the regression model are shown in Table 15. This 

model summary includes the standard error, the coefficient of determination, and the adjusted and 
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predicted R-squared values. In Table 15, S represents the standard error of the regression. In this 

particular case, it is very small, which means that this model fits the data very well. The term R-

sq is the coefficient of determination. It is very high in this case, which means that this model 

explains most of the variations in the response variable. R-sq (adj) shows the adjusted R-squared, 

which is slightly lower than the R-sq. This means that the model has a good balance between 

complexity and fit. Finally, the R-sq (pred) indicates the predicted R-squared. In this case, it is 

slightly lower than R-sq (adj), which means that this model has a good predictive power. 

Table 15: Model summary 

S R-sq R-sq(adj) R-sq(pred) 

0.0000664 97.87% 96.89% 94.47% 

 

To test the effects of air velocity, sand size, flow rate, and design on the Oka erosion model, 

an analysis of variance (ANOVA) was conducted. Table 16 displays the results obtained in this 

analysis. The ANOVA showed that air velocity (F(1,13) = 12.07, p = 0.004), flow rate (F(1,13) = 

16.11, p = 0.001) and design (F(3,13) = 5.72, p = 0.01) had significant influences on the erosion 

rate, while sand size (F(1,13) = 0.02, p = 0.899) did not have a significant impact. 

Table 16: Analysis of variance (ANOVA) for regression model   

Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 0.000003 0.000000 99.67 0.000 

  Air Velocity 1 0.000000 0.000000 12.07 0.004 

  Sand Size 1 0.000000 0.000000 0.02 0.899 

  Flow Rate 1 0.000000 0.000000 16.11 0.001 

  Design 3 0.000000 0.000000 5.72 0.010 

Error 13 0.000000 0.000000     

Total 19 0.000003       
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As shown in Table 17, the large negative value of the standard residual shows that 

observation 15 significantly differs from the fitted model. This indicates that the model may not 

accurately estimate the erosion rate for the particular observation. Further investigation is required 

to determine whether other observations also show deviations from the model.     

Table 17: Fits and diagnostics for unusual observations 

 

 

 

 

The Pareto chart in Figure 38 shows the standardized effects and reveals that the erosion 

rate is most affected by the flow rate. The velocity of air and design also have significant effects, 

while sand size has the smallest effect on the erosion rate among the factors and tested conditions.  

Figure 38: Standardized effects of various parameters on erosion rate in air-sand flow 

 

 

Obs ER(Oka) Fit Resid Std Resid  

15 0.000805 0.000930 -0.000124 -2.42 R 
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4.7.2 Regression Analysis in Water-Sand Flow 

The Oka erosion model was used as the dependent variable in a regression analysis to 

predict the erosion rate in water-sand flow. The independent variables were water velocity (WV), 

sand size (SS), and flow rate (FR). The regression equations for different designs were obtained 

using categorical predictors (1 or 0). A regression equation was fitted for water-sand flow using 

the first five CFD simulation cases to predict the erosion rate. The regression equations are 

presented in the following section.  

Design    

1 ER(Oka) = -0.000340 + 0.000053 WV + 0.000000 SS - 0.00652 FR (4.5) 

        

2 ER(Oka) = -0.000273 + 0.000053 WV + 0.000000 SS - 0.00652 FR (4.6) 

        

3 ER(Oka) = -0.000235 + 0.000053 WV + 0.000000 SS - 0.00652 FR (4.7) 

        

4 ER(Oka) = -0.000218 + 0.000053 WV + 0.000000 SS - 0.00652 FR (4.8) 

 

Table 18: Coefficients of the regression equations for water-sand flow 

Term Coef SE Coef T-Value P-Value VIF 

Constant -0.000340 0.000475 -0.72 0.487   

Water Velocity 0.000053 0.000049 1.09 0.295 226.67 

Sand Size 0.000000 0.000004 0.08 0.935 170.00 

Flow Rate -0.00652 0.00490 -1.33 0.206 57.67 

Design           

  2 0.000067 0.000034 1.98 0.069 1.50 

  3 0.000106 0.000034 3.12 0.008 1.50 

  4 0.000122 0.000034 3.60 0.003 1.50 
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The model summary in Table 19 provides key statistical measures, including the standard 

error, the coefficient of determination, and the adjusted and predicted R-squared values.  

Table 19: Model summary 

S R-sq R-sq(adj) R-sq(pred) 

0.0000537 84.89% 77.92% 59.57% 

 

The model summary indicates that the model fits the data well, explaining 84.89% of the 

variance. However, adjusted and predicted R-squared values are lower, demonstrating some 

limitations in the model's predictivity ability. 

Table 20 shows the results of the analysis of variance (ANOVA) for the model, which has 

four factors: water velocity (WV), sand size (SS), flow rate (FR), and design. The model is 

significant for the design factor, which has a low P-value (0.015). The other influencing factors 

have high P-values, suggesting that they are not significant.  

Table 20: Analysis of variance (ANOVA) for regression model   

Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 0.000000 0.000000 12.18 0.000 

Water 

Velocity 

1 0.000000 0.000000 1.19 0.295 

Sand Size 1 0.000000 0.000000 0.01 0.935 

Flow Rate 1 0.000000 0.000000 1.77 0.206 

Design 3 0.000000 0.000000 5.13 0.015 

Error 13 0.000000 0.000000   

Total 19 0.000000    

 

Table 21 shows two unusual observations that significantly impact the validity and 

reliability of the regression model. Observation 5 falls significantly below the predicted trend, 

while observation 20 deviates substantially from the predicted trend in the opposite direction. 
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These unusual observations indicate potential errors or outliers in the data that can affect the 

accuracy of the regression model.     

Table 21: Fits and diagnostics for unusual observations 

Obs ER(Oka) Fit Resid Std Resid  

5 0.000090 0.000186 -0.000097 -2.32 R 

20 0.000392 0.000309 0.000084 2.01 R 

 

The standardized effects of various parameters on erosion rate in water-sand flow are 

presented in Figure 39. The Pareto chart of the standardized effects shows that design has the most 

significant effect on the model. The flow rate and water velocity also have a significant effect on 

the erosion rate, while sand size has the least effect on the erosion rate of the regression model.  

 

Figure 39: Standardized effects of various parameters on erosion rate in water-sand flow 
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4.7.3 Main Effect Plots of Oka and Generic Model in Air-Sand Flow 

To investigate the optimal design, the main effect plot for the Oka and Generic erosion 

model in air-sand flow was generated in Minitab using the data collected for the first five cases of 

the CFD simulations. The main effect plot for the Oka erosion model is displayed in Figure 40. 

The figure indicates that the influencing parameters air velocity, sand size and flow rate are 

increased, and their numerical values are presented in their respective sections. The design section 

compares the performance of each design under the impact of the increasing influencing 

parameters. The Design sections 1,2,3 and 4 represent the design of a conventional 90-degree 

elbow, an 18-degree gored elbow, a 22.5-degree gored elbow, and a 30-degree gored elbow, 

respectively. The main effect plot reveals that the 22.5-degree gored elbow is the best design for 

resisting erosion for the specified data. The 30-degree gored elbow and the 18-degree gored elbow 

follow in the second and third place. The main effect plots show that the standard 90-degree elbow 

has the lowest potential to reduce erosion. From the main effect plots, it is evident that the gored 

elbows have higher erosion resistance in air-sand flow than the standard 90-degree elbow. 

 

Figure 40: Main effect plot for the Oka erosion model in air-sand flow 

Figure 41 shows the main effect plot for the generic erosion model. The plot indicates that 

the 22.5-degree gored elbow has the highest erosion resistance, followed by the 30-degree gored 

elbow, similar to the Oka model. In contrast, the standard 90-degree elbow has more erosion 

resistance than the 18-degree gored elbow, which makes it prone to erosion.  
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Figure 41: Main effect plot for the Generic erosion model in air-sand flow 

4.7.4 Main Effect Plots of Oka and Generic Model in Worst-Case Scenario Air-Sand 

Flow 

Figures 42 and 43 present the main effect plots for the worst-case scenario with the highest 

influencing factors. Both the Oka and generic model indicate that the 22.5-degree gored elbow has 

the lowest erosion rate, while the 18-degree gored elbow has the highest for the particular data. 

The standard 90-degree elbow has higher erosion resistance than the 30-degree gored elbow in the 

Oka model, while it is reversed in the generic model. 

 
Figure 42: Main effect plot for Oka erosion model in air-sand flow (worst-case scenario) 
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Figure 43: Main effect plot for Generic erosion model in air-sand flow (worst-case scenario) 

4.7.5 Main Effect Plots of Oka and Generic Model in Water-Sand Flow 

The main effect plots for the Oka model show that the best design order in the water-sand 

flow is the standard 90-degree elbow, 18-degree gored elbow, 22.5-degree gored elbow, and 30-

degree gored elbow. The data from the first five CFD cases for the Oka erosion model are presented 

in Figure 44. The Generic model shows a different order, with the standard 90-degree elbow as the 

finest, followed by the 18-degree gored elbow, the 30-degree gored elbow and the 22,5-degree 

gored elbow as the worst, as shown in Figure 45.  

 

Figure 44: Main effect plot for the Oka erosion model in water-sand flow 
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Figure 45: Main effect plot for the Generic erosion model in water-sand flow 

4.7.6 Main Effect Plots of Oka and Generic Model in Worst-Case Scenario Water-Sand 

Flow 

The main effect plots for the worst-case scenario with the highest value of the influencing 

factors are shown in Figures 46 and 47. In the case of the Oka model, the 90-degree elbow has the 

best response to mitigating erosion, followed by the 30-degree gored elbow, the 22.5-degree gored 

elbow, and the 18-degree with the worst response. The Generic erosion model indicates that the 

best elbow design to mitigate erosion is in the order of the standard 90-degree elbow, the 18-degree 

gored elbow, the 22.5-degree gored elbow, and the 30-degree gored elbow. 

 

Figure 46: Main effect plot for Oka erosion model in water-sand flow (worst-case scenario) 
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Figure 47: Main effect plot for Generic erosion model in water-sand flow (worst-case scenario) 

4.8 Summary 

This chapter comprehensively investigates the erosion rates of different elbow designs in 

air-sand and water-sand flows under a range of operating conditions. The pressure and velocity 

distributions within the elbows are also studied, identifying high and low-impact zones. The 

trajectories and impact patterns of the sand particles on the various elbow configurations are 

analyzed in detail, providing insight into the erosion mechanism at play. Regression models are 

developed to quantify the effect of different influencing parameters on erosion rates and elbow 

performance. The main effect plots presented in this chapter reveal the erosion resistance of 

different elbow designs, highlighting the most effective configuration for mitigating erosion. 
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CHAPTER 5: CONCLUSION AND FUTURE RECOMMENDATIONS 

This chapter summarizes the key findings of this research study and discusses its potential 

contributions to the field. This chapter also outlines the scope of the study and suggests directions 

for future research.   

5.1 Conclusion 

This study aimed to investigate the erosion caused by multiphase air-sand, and water-sand 

flows in various elbow designs and to identify the optimal design and operating conditions to 

mitigate erosion. The designs include the standard 90-degree elbow, 18-degree gored elbow and, 

22.5-degree gored elbow, and the 30-degree gored elbow. The performance of all the designs was 

investigated under a range of operating conditions, including fluid velocities, sand sizes, and sand 

flow rates. The erosion phenomenon and its influencing factors were investigated by CFD 

simulations for different elbow geometries. The erosion rates of various elbow geometries were 

investigated under normal conditions with low values of influencing factors, as well as under 

worst-case scenarios with high-value influencing factors. The fluid velocity varied from 10 to 40 

m/s, the particle size varied from 200 to 500 microns, and the sand flow rate varied from 0.05 to 

0.4 kg/s to identify the optimal elbow design and mitigate erosion.  

This research includes the analysis of pressure and velocity distributions to identify the 

high and low-pressure zones and to shed light on the fluid dynamics of the flow. The particle 

trajectories and high and low impact points predict the high and low erosion zones in different 

elbow configurations. These parameters provide insight into the erosion mechanism and fluid 

dynamics of the elbow configurations in multiphase flows. 

This research also presents a regression analysis and the formulation of regression 

equations based on the simulation data for the air-sand and water-sand multiphase flows. This 

analysis highlights the relationships between the variables and the erosion rates of the elbow 

configurations. The standardized effect of the influencing factors on the elbow geometries reveals 

the correlation between the variables and how different factors influence the erosion rate. The main 
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effect plots examine the performance of various elbow configurations and their resistance against 

erosion.  

The main findings of this research work are presented in detail in the following sections. 

1. The results show that the gored elbows outperformed the standard 90-degree elbow in 

reducing erosion, with the 22.5-degree gored elbow showing the most consistent 

decrease of up to 32%. The 22.5-degree gored elbow consistently reduces erosion 

across various flow conditions and worst-case scenarios, ranging from 0.68 to 0.95 (5-

32%) times the baseline. While the 18-degree and the 30-degree gored elbows exhibit 

erosion reduction, their performance was less consistent, with the 18-degree design 

showing an erosion increase of up to 1.32 times and the 30-degree configuration 

showing an increase of up to 1.06 times the baseline, respectively. Overall, the study 

suggests that gored elbows, particularly the 22.5-degree design, offer a promising 

approach for reducing erosion in air sand flows.  

2. The gored elbow designs have different erosion scar shapes from the 90-degree elbow, 

which has an elliptical and V-shaped erosion scar influenced by the impact points and 

concentrations of sand particles. The 18-degree gored elbow has a curved rectangular 

scar with scattered points at the sides and upper portion of the elbow, the 22.5-degree 

gored elbow has a cylindrical scar similar to a semicircular closed arch, and the 30-

degree gored elbow has a trapezium-shaped scar and dispersed erosion points at the 

sides and upper part of the elbow. 

3. The gored elbows, regardless of angle, were ineffective in mitigating erosion in water-

sand flows. All gored elbow designs (18-degree, 22.5-degree and 30-degree) exhibited 

significantly higher erosion rates than the standard 90-degree elbow under all water-

sand flow conditions. Furthermore, the erosion rate generally increased with the angle 

of the gored elbow, with the 30-degree gored elbow experiencing the most severe 

erosion in most cases. These findings suggest that alternative strategies may be 

necessary for erosion control in water-sand flows. 

4. The conventional 90-degree elbow has the highest erosion rate at the downstream end, 

especially on the pipe sides and the flow impact point. The three gored elbows have a 

comparable erosion pattern but with much higher erosion at the flow impact point, 
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especially at the segment edges. The segments also cause dispersed erosion points due 

to different impact angles. 

5. Pressure and erosion vary greatly across the elbow designs in air-sand multiphase flow. 

The extrados has the highest pressure and particle impact, resulting in the most erosion, 

while the intrados have the lowest. The standard 90-degree elbow and the 18-degree 

gored elbow have similar pressure distributions, but the 18-degree gored elbow has a 

slightly higher value of maximum pressure. The gored elbows exhibit distinct pressure 

patterns at the extrados. The 22.5-degree gored elbow and the 30-degree gored elbow 

have different pressure distributions, with a 30-degree gored elbow having the highest 

at the extrados.   

6. As in air-sand flows, the extrados has the highest pressure, and the intrados has the 

lowest in water-sand flows. The higher water density causes much higher pressure in 

water sand flows, and the highest-pressure points are the corners of the gored elbows. 

The pressure patterns in the standard 90-degree elbow and the gored elbows are 

consistent with those in air-sand flows. 

7. Velocities are the highest at the intrados and lowest at the extrados, with a gradual 

decrease from the intrados to the extrados in the air-sand flows. A boundary region 

near the extrados has slower flow, then increases to a maximum at the intrados. The 

standard 90-degree elbow and the 18-degree gored elbow have similar velocity 

distributions due to the gored elbow design resembling the 90-degree elbow. The 

22.50-degree and 30-degree gored elbows have different velocity variations, with 

different sections of low and high-velocity zones near the extrados and intrados. The 

geometry of the gored elbows, specifically at the edges, affects the flow streamlining 

within the elbow. 

8. Water-sand flow velocity distribution in the elbows closely resembles that of air-sand 

flow, with minor variations. The water-sand flow has more noticeable low-velocity 

regions near the extrados and high-velocity regions near the intrados. The gored elbows 

have smaller high and low-velocity regions compared to the standard 90-degree elbow. 

9. The particle trajectories and impact points in air-sand flows vary across different elbow 

geometries. Gored elbows, unlike standard 90-degree design, induce diverse particle 

impacts due to segmented arrangements. The segment angles in gored elbows 
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substantially influence impact distribution and erosion locations. This is achieved 

through higher collision rates and segment-driven trajectory variations. 

10. Water properties significantly influence water-sand particle trajectories and erosion 

patterns compared to air-sand flow. Gored elbows, while varying impacts and reducing 

intense wear on the extrados, exhibit higher overall erosion due to segment-induced 

trajectory variations and restricted edge wear. Conversely, the standard 90-degree 

elbow experiences focused erosion on the outer end but less overall erosion due to 

straighter particle paths. 

11. Using regression analysis, the study explored how various factors affect the erosion 

rate in air-sand multiphase flow. The findings revealed that air velocity, flow rate and 

elbow design significantly influenced the erosion rate, while sand size had a negligible 

impact. ANOVA analysis confirmed these findings, and the Pareto chart further 

illustrated the relative contributions of each factor. Flow rate was identified as the most 

significant factor, followed by air velocity and design. 

12. The main effect plots for the Oka erosion model in air-sand flow indicated that the 

erosion resistance was highest for the 22.5-degree gored elbow, followed by the 30-

degree gored elbow and the 18-degree gored elbow, while the standard 90-degree 

elbow had the lowest erosion resistance. The Generic erosion model gave similar 

results, but in contrast to the Oka model, the standard 90-degree elbow had greater 

erosion resistance than the 18-degree gored elbow, making it less prone to erosion. 

13. Even under the worst conditions, the 22.5-degree gored elbow was the best design for 

mitigating erosion in both the Oka and Generic erosion models. The 18-degree gored 

elbow had the lowest erosion resistance in both models. In the Oka model, the erosion 

resistance was higher for the standard 90-degree elbow than for the 30-degree gored 

elbow, while the reverse was true in the Generic model.  

14. In water-sand flow, the regression analysis using the Oka erosion model as the 

dependent variable suggested that the design had the most significant effect on erosion 

rate, followed by flow rate and water velocity. Sand size had the smallest effect on 

erosion rate. These results were further supported by the Pareto chart of standardized 

effects, which emphasized the dominance of the design factor in influencing erosion 

rate.  
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15. Different elbow designs have varying erosion resistance in multiphase water-sand 

flow, according to the main effect plots of the Oka and Generic models. The Oka model 

ranked the standard 90-degree elbow as the most erosion-resistant, followed by the 18-

degree, 22.5-degree and 30-degree gored elbows. The Generic model, however, ranked 

the elbow designs as the standard 90-degree elbow, followed by the 18-degree, 30-

degree, and 22.5-degree gored elbows. 

16. In the presence of the highest influencing factors in the worst-case scenario, the Oka 

and Generic models provided conflicting results. The Oka model ranked the 90-degree 

elbow as the top choice, followed by 30-degree, 22.5-degree and 18-degree gored 

elbows. Contrary to this, the Generic model recommended the order of erosion 

mitigation as the conventional 90-degree elbow, followed by the 18-degree, 22.5-

degree and 30-degree gored elbows.   

5.2 Future Research Directions and Recommendations   

This study suggests some possible directions for future work to advance this field further. 

The following are some key suggestions.  

1. It is recommended to conduct experimental investigations on the gored elbows and 

analyze the erosion rate and locations of high impact points. This would verify the 

numerical models and examine the geometrical effects on the erosion of gored elbows. 

2. The erosion performance of gored elbows depends on their shape and segment angles. 

To optimize the design, different angles of gored elbows need to be examined for their 

erosion resistance. 

3. Gored elbows exhibited superior performance, especially the 22.5-degree gored elbow, 

in air-sand flows. However, their erosion resistance was poor in water-sand flows. 

Therefore, investigating the erosion rate of gored elbows in fluid with intermediate 

density between air and water is suggested. 

4. Spherical particles were assumed in the numerical investigations, but sand particles 

have a variety of sizes and irregular shapes in reality. Therefore, both experimental and 

numerical investigations on the performance of different elbow designs using realistic 

sand particles are recommended.   
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5. The regression analysis revealed some unusual observations that require further 

investigation. More experimental data is needed to investigate the effects of the 

influencing factors, such as fluid velocity, sand size and flow rate, on the erosion rate. 

This will help to explain the unusual observations and improve the accuracy of the 

regression model. 
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