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Prediction of erotion rate in two elbows for coal-air flow based 

on computational fluid dynamics simulation  

B Triwibowo1, H W Widayanti1 and M I Rukmanasari1 

1Departement of Chemical Engineering, Faculty of Engineering, Universitas Negeri 

Semarang, Semarang, Indonesia, 50299 
bayu.triwibowo@mail.unnes.ac.id 

Abstract. Corrosion is one of the problems cause the material fail, leaks in the equipment and 

pipe systems in the industry which caused distrub in productivity of production in industry. 

There are some ways to prediction erosion in pipes, with the conventional or manual and CFD. 

CFD on the ANSYS Student application to prediction erosion in turbulent air flows with 

variations in coal particle size and velocity of flowing air. The results of prediction erotion based 

on CFD is numerical and graphic, by displayed numerical results into visual results.  This results 

include about the velocity, pressure, and temperature distribution in the air flow. So, CFD can 

be used to prediction pipe because it has wide coverage and effective in display numerical and 

visual results. Discreate Phase Model is the model of CFD with a variable stream velocity of 10 

m/s, 15 m/s, 20 m/s and a solid loading of 5%, 10%, 15%, 20%, 25%.  From the results, the 

maximum erosion rates increased with increasing sizes of particles and stream velocities. 

However, the location of the maximum erosion rate in the elbows region was independent on 

those mentioned parameters.  

1.  Introduction 

Research on internal flow was started by a doctor from Germany in 1850, namely Julius Weisbach. He 

researched related pipes, which was then continued by Henry Darcy a French engineer in 1857. Henry 

Darcy conducted experiments on pipe flow and he found the theory of the effect of roughness on pipe 

resistance which is now known as the Darcy Weisbach equation. Then followed by Osborne Reynolds. 

He conducted experiments through his classic pipe in 1883 and then found a theory related to the 

importance of the Reynolds number in fluid flow [1]. 

Corrosion is one of the most common damage to piping systems due to the relative movement of 

corrosive materials with metal surfaces, relatively high flow rates and particles that will cause corrosion, 

and relatively slow flow rates will corrode [2]. The reason why corrosion must be predicted is that 

corrosion itself is one of the problems causing material failure, leaks in equipment and piping systems 

that exist in the industrial world which later if not addressed and left alone can disrupt productivity [3]. 

Disturbance that can occur due to the content of sand in an air flow to a structure is erosion. Therefore, 

prediction of erosion is very important, especially in estimating the age of the tool in the piping system. 

Benefits in predicting accurate erosion especially at elbows can be used to improve pipe work design, 

inspection area, operating limits, and others. Corrosion that causes leaks in equipment will result in a 

lack of production to the cost of dealing with it. Therefore, a study of corrosion is very important, 

especially in estimating the age of equipment in a piping system. So far, in predicting the corrosion 

problem, we usually use manual calculation methods such as calculating flow velocity in pipes, reducers, 

valves, and elbows. However, this manual calculation tends to be more complicated, less accurate, and 

there is no modeling so that it is only a numerical calculation. In addition to manual calculations, CFD 

mailto:bayu.triwibowo@mail.unnes.ac.id


 

 

 

 

 

 

modeling can also be used. The results of the CFD program can be in the form of numerical results, as 

well as graphical results, by displaying numerical results into visual results. The results are in the form 

of visual images of the physical geometry of the air flow with a choice of table forms from the processing 

results and other forms. This research was conducted to predict corrosion spots on pipe geometry, first 

of all the model must be able to accurately predict the corrosion distribution in a relatively simple 

geometry such as an elbow by using CFD in the ANSYS Student application to predict pipe corrosion 

with two elbows. 

It must be admitted that often an engineer is only interested in the location and rate of erosion at the 

maximum point, which will always occur at the elbow wall in direct contact with the particles. However, 

many more complex situations occur where erosion occurs, such as an elbow, valve or fitting [4]. In that 

case the importance of this research is to predict the erosion spot in the pipe geometry, first of all the 

model must be able to accurately predict the erosion distribution in a relatively simple geometry such as 

an elbow by using CFD in the ANSYS application Student to predict pipe erosion with two elbows for 

the case. Multiphase both numerically and visually so that it can be a solution to productivity problems 

in the industry due to erosion. 

2.  Methodology 

Process simulation software is software that functions to improve the performance and optimization of 

chemical processes. Examples of process simulation software may include Ansys, Aspen Plus, Aspen 

Hysys, PRO II, and SuperPro. In this study, Ansys 18.1 software was used. Ansys is a numerical solution 

program (Finite Element Method) based on its visual simulation. In Ansys Fluent, there is a Discrete 

Phase Model (DPM). Discrete Phase Model is applied to express the interaction between particles and 

turbulence. This model assumes that the particles pass through the turbulent flow structure present in 

the flow.  

2.1.  Research design 

This study uses a pipe with two elbows with the phase flowing in it is air and the existing particles are 

coal, for the design used as the object of erosion simulation as follows: 

 
Figure 1. Pipe with two elbows  

Stream velocity affects the erosion rate and the maximum erosion rate occurred at the centre area of 

the elbow section due to the multiple impingements of one particle effects. Further results by them also 

shows that maximum erosion rate occurred almost at the centre area of the elbow section when they 

varied the solid loading [5]. The solid loading is the amount of suspended solids in a substance. Increase 

in stream velocity results in higher particles momentum produced and lead to the higher erosion rate 

[6][7][8]. This occurs since the impinging particles must pass through a larger stagnation region and 

thus allowing extra time for the particles to decelerate [9]. Bigger solid loading results in larger erosion 

and different fluid types may cause in different erosion effects. Despite a lot of research reported on the 

erosion prediction for the elbows component in pipeline, however, there is still lack of information on 

the prediction based on the stream velocity in two elbow.  

In this research, CFD with commercially available FLUENT code (ANSYS 18.0) was applied to 

numerically predict erosion rate in elbows for a broad range of liquid/solid particles flow conditions. 



 

 

 

 

 

 

The elbows were tested under three different flow conditions named as stream velocity (10-20 m/s) and 

solid loading (5%-25%). Each flow conditions consist of five different sets of values and the results are 

presented in the form of maximum erosion rate graphs and visual illustration of erosion rate surface 

contours. 

2.2.  Material and particle specifications 

The materials used in this research are low quality coal and air as an oxidizer. 

Table 1.  Air and Coal Properties 

Air and Coal 

Air Density 1.225 kg/m3 

Coal Density 1.200 kg/m3 

Type Sub-bituminous 

 

3.  Results and discussion 

Two parameters were changed to demonstrate their influence on erosion rate of the elbows component. 

The two parameters were variable stream velocity of 10 m/s, 15 m/s, 20 m/s and a solid loading of 5%, 

10%, 15%, 20%, 25%. The Reynolds number was range from 5,11x107 to 1,08x108. During the 

simulation, another parameters were kept constant for each tested flow conditions. The effects of flow 

conditions stream velocity and elbows diameter on erosion rate of the elbows component are presented 

in the form of maximum erosion rate graphs and visual illustration of erosion rate surface contours.  

3.1.  Effects of flow conditions stream velocity 10 m/s with reynold number 5,11x107 

Erotion rate surface contours for the particles diameter 100 µm. Solid loading of 5%, 10%, 15%, 20%, 

25% show maximum erosion rate occurred in two locations of maximum erosion rate observed and it is 

located of the  section first elbow are depicted in Figure 2 and second elbow are depicted in Figure 3. In 

addition, particle with solid loading 25% indicates clear impingement at the inlet section of elbows 

compared to other solid loading. This might be due to the smaller size of particles which is lightweight 

and easier to deviate from streamline at the entrance region of the elbow. After multiple impingements 

at the entrance region of the elbow, the deviated particles then follow the streamline again and strikes 

the turn region of the elbow. 

 

 
Figure 2. Erosion rate surface contour in first elbow (kg/m2.s) for 10 m/s stream velocity 

 

 

 

 

 



 

 

 

 

 

 

 
Figure 3. Erosion rate surface contour in second elbow (kg/m2.s) for 10 m/s stream velocity 

 
Figure 4. Maximum erosion rate (kg/m2.s) for various loading station (%) 

Figure 4 shows the maximum erosion rate that occurs at the first and second elbow with this flow 

conditions. The maximum erosion rate is influenced by the increase in stream velocity and solid loading. 

Solid loading is the mass flow rate of particles in percent. The relationship about solid loading and 

maximum erotion rate in the figure 4. shows that the higher of the solid loading, the higher the maximum 

erotion rate. This is because, the larger of solid loading leads to higher kinetic energy therefore, so it 

will produced larger or deeper indentations in the elbow wall.  The larger or deeper the indentation in 

the elbow, the greater the amount of material flowing or the higher the maximum erosion rate [10]. In 

this condition, 25% of solid loading produces the highest maximum erotion rate compared to the other. 

3.2.  Effects of flow conditions stream velocity 15 m/s with reynold number 7,67x107 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 15 m/s. 

Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations of 

maximum erosion rate observed and it is located of the  section first elbow are depicted in Figure 5 and 

second elbow are depicted in Figure 6.  In addition, particle with solid loading 25% indicates clear 

impingement at the inlet section of elbows compared to other solid loading. 

 

 
Figure 5. Erosion rate surface contour in first elbow (kg/m2.s) for 15 m/s stream velocity 

 

0,00E+00

2,00E+03

4,00E+03

6,00E+03

8,00E+03

1,00E+04

1,20E+04

1,40E+04

1,60E+04

1,80E+04

0% 10% 20% 30%

M
ax

 E
ro

si
o

n
 R

at
e 

(m
m

/t
h

)

Loading station

R1 R2



 

 

 

 

 

 

 
Figure 6. Erosion rate surface contour in second elbow (kg/m2.s) for 15 m/s stream velocity 

 

 
Figure 7. Maximum erosion rate (kg/m2.s) for various loading station (%) 

The relationship about solid loading and maximum erotion rate in the figure 7. shows that the higher 

of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid loading 

leads to higher kinetic energy therefore, so it will produced larger or deeper indentations in the elbow 

wall.  The larger or deeper the indentation in the elbow, the greater the amount of material flowing or 

the higher the maximum erosion rate [10]. In the stream velocity of 15 m/s as shown in figure 7 produce 

surface contours is deeper with maximum erosion rates compared to stream velocity of 10 m/s. 

3.3.  Effects of flow conditions stream velocity 20 m/s with reynold number 1,08x108 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 20 m/s. 

Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations of 

maximum erosion rate observed and it is located of the  section first elbow are depicted in Figure 8 and 

second elbow are depicted in Figure 9.  In addition, particle with solid loading 25% indicates clear 

impingement at the inlet section of elbows compared to other solid loading. 

 

 
Figure 8. Erosion rate surface contour in first elbow (kg/m2.s) for 20 m/s stream velocity 
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Figure 9. Erosion rate surface contour in second elbow (kg/m2.s) for 20 m/s stream velocity 

 
Figure 10. Maximum erosion rate (kg/m2.s) for various loading station (%) 

The relationship about solid loading and maximum erotion rate in the figure 10. shows that the 

higher of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid 

loading leads to higher kinetic energy therefore, so it will produced larger or deeper indentations in the 

elbow wall.  The larger or deeper the indentation in the elbow, the greater the amount of material flowing 

or the higher the maximum erosion rate [10]. In the stream velocity of 20 m/s as shown in figure 7 

produce surface contours is deepest with maximum erosion rates compared to stream velocity of 10 m/s 

and 15 m/s. 

3.4.  Effects of stream velocity vs maximum erotion rate  

 
Figure 11. Stream velocity (m/s) for maximum erosion rate (mm/y)  

All of stream velocity show similarity in terms of the location of the maximum erotion rate that occurs 

in the exit area of elbow. This is due to the effect of gravity when the flow moves towards the elbow 

bend. The increasing of stream velocity causes increase of the maximum erosion rate [10].  At high 

stream velocity, the inertial momentum of the particles and fluid will be increase and the impact between 

the particles with the elbow wall will be increase.  Therefore, a flow velocity of 20 m/s as shown in 

figure 9 to generate in a surface contour of a severe maximum erosion rate compared to other stream 

velocity. This result is in accordance with theory that the maximum erotion rate is directly proportional 

to stream velocity. In this condition, the increase of the flow rate an increase in the fluid stream velocity 

which in increases the stream velocity of the particles impact the elbow wall [11]. This situation is in 

accordance with research that the increase in flow stream velocity causes the particle transport capacity 

by the air to increase and increases the kinetic energy of the particles so that the touch pressure is greater 

on the inner wall of the pipe [12]. From the Figure 11 the effect of stream velocity of fluid on the 
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maximum erotion rate, it can be seen that the higher the stream velocity, the greater the difference in the 

maximum erotion rate. This indicates that the application of the erotion model in a simulation is 

dependent on the stream velocity is used. 

4.  Conclusion 

Based on this research, it can be concluded that the location of maximum erotion rate in the elbow is 

weakly influenced by flow parameters including stream velocity and solid loading. Solid loading and 

stream velocity are directly proportional to the maximum erotion rate. Higher velocity results in rapid 

collision between particles and the wall of the elbows and bigger solid loading will cause in deeper 

indentations on the wall of elbows. As a consequence, higher maximum erotion rate will be produced. 
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Abstract. Corrosion is one of the problems cause the material fail, leaks in the equipment and 

pipe systems in the industry which caused distrub in productivity of production in industry. 

There are some ways to prediction erosion in pipes, with the conventional or manual and CFD. 

CFD on the ANSYS Student application to prediction erosion in turbulent air flows with 

variations in coal particle size and velocity of flowing air. The results of prediction erotion based 

on CFD is numerical and graphic, by displayed numerical results into visual results.  This results 

include about the velocity, pressure, and temperature distribution in the air flow. So, CFD can 

be used to prediction pipe because it has wide coverage and effective in display numerical and 

visual results. Discreate Phase Model is the model of CFD with a variable stream velocity of 10 

m/s, 15 m/s, 20 m/s and a solid loading of 5%, 10%, 15%, 20%, 25%.  From the results, the 

maximum erosion rates increased with increasing sizes of particles and stream velocities. 

However, the location of the maximum erosion rate in the elbows region was independent on 

those mentioned parameters.  

1.  Introduction 

Research on internal flow was started by a doctor from Germany in 1850, namely Julius Weisbach. He 

researched related pipes, which was then continued by Henry Darcy a French engineer in 1857. Henry 

Darcy conducted experiments on pipe flow and he found the theory of the effect of roughness on pipe 

resistance which is now known as the Darcy Weisbach equation. Then followed by Osborne Reynolds. 

He conducted experiments through his classic pipe in 1883 and then found a theory related to the 

importance of the Reynolds number in fluid flow [1]. 

Corrosion is one of the most common damage to piping systems due to the relative movement of 

corrosive materials with metal surfaces, relatively high flow rates and particles that will cause corrosion, 

and relatively slow flow rates will corrode [2]. The reason why corrosion must be predicted is that 

corrosion itself is one of the problems causing material failure, leaks in equipment and piping systems 

that exist in the industrial world which later if not addressed and left alone can disrupt productivity [3]. 

Disturbance that can occur due to the content of sand in an air flow to a structure is erosion. Therefore, 

prediction of erosion is very important, especially in estimating the age of the tool in the piping system. 

Benefits in predicting accurate erosion especially at elbows can be used to improve pipe work design, 

inspection area, operating limits, and others. Corrosion that causes leaks in equipment will result in a 

lack of production to the cost of dealing with it. Therefore, a study of corrosion is very important, 

especially in estimating the age of equipment in a piping system. So far, in predicting the corrosion 

problem, we usually use manual calculation methods such as calculating flow velocity in pipes, reducers, 

valves, and elbows. However, this manual calculation tends to be more complicated, less accurate, and 

there is no modeling so that it is only a numerical calculation. In addition to manual calculations, CFD 
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modeling can also be used. The results of the CFD program can be in the form of numerical results, as 

well as graphical results, by displaying numerical results into visual results. The results are in the form 

of visual images of the physical geometry of the air flow with a choice of table forms from the processing 

results and other forms. This research was conducted to predict corrosion spots on pipe geometry, first 

of all the model must be able to accurately predict the corrosion distribution in a relatively simple 

geometry such as an elbow by using CFD in the ANSYS Student application to predict pipe corrosion 

with two elbows. 

It must be admitted that often an engineer is only interested in the location and rate of erosion at the 

maximum point, which will always occur at the elbow wall in direct contact with the particles. However, 

many more complex situations occur where erosion occurs, such as an elbow, valve or fitting [4]. In that 

case the importance of this research is to predict the erosion spot in the pipe geometry, first of all the 

model must be able to accurately predict the erosion distribution in a relatively simple geometry such as 

an elbow by using CFD in the ANSYS application Student to predict pipe erosion with two elbows for 

the case. Multiphase both numerically and visually so that it can be a solution to productivity problems 

in the industry due to erosion. 

2.  Methodology 

Process simulation software is software that functions to improve the performance and optimization of 

chemical processes. Examples of process simulation software may include Ansys, Aspen Plus, Aspen 

Hysys, PRO II, and SuperPro. In this study, Ansys 18.1 software was used. Ansys is a numerical solution 

program (Finite Element Method) based on its visual simulation. In Ansys Fluent, there is a Discrete 

Phase Model (DPM). Discrete Phase Model is applied to express the interaction between particles and 

turbulence. This model assumes that the particles pass through the turbulent flow structure present in 

the flow.  

2.1.  Research design 

This study uses a pipe with two elbows with the phase flowing in it is air and the existing particles are 

coal, for the design used as the object of erosion simulation as follows: 

 
Figure 1. Pipe with two elbows  

Stream velocity affects the erosion rate and the maximum erosion rate occurred at the centre area of 

the elbow section due to the multiple impingements of one particle effects. Further results by them also 

shows that maximum erosion rate occurred almost at the centre area of the elbow section when they 

varied the solid loading [5]. The solid loading is the amount of suspended solids in a substance. Increase 

in stream velocity results in higher particles momentum produced and lead to the higher erosion rate 

[6][7][8]. This occurs since the impinging particles must pass through a larger stagnation region and 

thus allowing extra time for the particles to decelerate [9]. Bigger solid loading results in larger erosion 

and different fluid types may cause in different erosion effects. Despite a lot of research reported on the 

erosion prediction for the elbows component in pipeline, however, there is still lack of information on 

the prediction based on the stream velocity in two elbow.  

In this research, CFD with commercially available FLUENT code (ANSYS 18.0) was applied to 

numerically predict erosion rate in elbows for a broad range of liquid/solid particles flow conditions. 



 

 

 

 

 

 

 

The elbows were tested under three different flow conditions named as stream velocity (10-20 m/s) and 

solid loading (5%-25%). Each flow conditions consist of five different sets of values and the results are 

presented in the form of maximum erosion rate graphs and visual illustration of erosion rate surface 

contours. 

2.2.  Material and particle specifications 

The materials used in this research are low quality coal and air as an oxidizer. 

Table 1.  Air and Coal Properties 

Air and Coal 

Air Density 1.225 kg/m3 

Coal Density 1.200 kg/m3 

Type Sub-bituminous 

 

3.  Results and discussion 

Two parameters were changed to demonstrate their influence on erosion rate of the elbows component. 

The two parameters were variable stream velocity of 10 m/s, 15 m/s, 20 m/s and a solid loading of 5%, 

10%, 15%, 20%, 25%. The Reynolds number was range from 5,11x107 to 1,08x108. During the 

simulation, another parameters were kept constant for each tested flow conditions. The effects of flow 

conditions stream velocity and elbows diameter on erosion rate of the elbows component are presented 

in the form of maximum erosion rate graphs and visual illustration of erosion rate surface contours.  

3.1.  Effects of flow conditions stream velocity 10 m/s with reynold number 5,11x107 

Erotion rate surface contours for the particles diameter 100 µm. Solid loading of 5%, 10%, 15%, 20%, 

25% show maximum erosion rate occurred in two locations of maximum erosion rate observed and it is 

located of the  section first elbow are depicted in Figure 2 and second elbow are depicted in Figure 3. In 

addition, particle with solid loading 25% indicates clear impingement at the inlet section of elbows 

compared to other solid loading. This might be due to the smaller size of particles which is lightweight 

and easier to deviate from streamline at the entrance region of the elbow. After multiple impingements 

at the entrance region of the elbow, the deviated particles then follow the streamline again and strikes 

the turn region of the elbow. 

 

 
Figure 2. Erosion rate surface contour in first elbow (kg/m2.s) for 10 m/s stream velocity 

 

 

 

 

 



 

 

 

 

 

 

 

 
Figure 3. Erosion rate surface contour in second elbow (kg/m2.s) for 10 m/s stream velocity 

 
Figure 4. Maximum erosion rate (kg/m2.s) for various loading station (%) 

Figure 4 shows the maximum erosion rate that occurs at the first and second elbow with this flow 

conditions. The maximum erosion rate is influenced by the increase in stream velocity and solid loading. 

Solid loading is the mass flow rate of particles in percent. The relationship about solid loading and 

maximum erotion rate in the figure 4. shows that the higher of the solid loading, the higher the maximum 

erotion rate. This is because, the larger of solid loading leads to higher kinetic energy therefore, so it 

will produced larger or deeper indentations in the elbow wall.  The larger or deeper the indentation in 

the elbow, the greater the amount of material flowing or the higher the maximum erosion rate [10]. In 

this condition, 25% of solid loading produces the highest maximum erotion rate compared to the other. 

3.2.  Effects of flow conditions stream velocity 15 m/s with reynold number 7,67x107 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 15 m/s. 

Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations of 

maximum erosion rate observed and it is located of the  section first elbow are depicted in Figure 5 and 

second elbow are depicted in Figure 6.  In addition, particle with solid loading 25% indicates clear 

impingement at the inlet section of elbows compared to other solid loading. 

 

 
Figure 5. Erosion rate surface contour in first elbow (kg/m2.s) for 15 m/s stream velocity 
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Figure 6. Erosion rate surface contour in second elbow (kg/m2.s) for 15 m/s stream velocity 

 

 
Figure 7. Maximum erosion rate (kg/m2.s) for various loading station (%) 

The relationship about solid loading and maximum erotion rate in the figure 7. shows that the higher 

of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid loading 

leads to higher kinetic energy therefore, so it will produced larger or deeper indentations in the elbow 

wall.  The larger or deeper the indentation in the elbow, the greater the amount of material flowing or 

the higher the maximum erosion rate [10]. In the stream velocity of 15 m/s as shown in figure 7 produce 

surface contours is deeper with maximum erosion rates compared to stream velocity of 10 m/s. 

3.3.  Effects of flow conditions stream velocity 20 m/s with reynold number 1,08x108 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 20 m/s. 

Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations of 

maximum erosion rate observed and it is located of the  section first elbow are depicted in Figure 8 and 

second elbow are depicted in Figure 9.  In addition, particle with solid loading 25% indicates clear 

impingement at the inlet section of elbows compared to other solid loading. 

 

 
Figure 8. Erosion rate surface contour in first elbow (kg/m2.s) for 20 m/s stream velocity 
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Figure 9. Erosion rate surface contour in second elbow (kg/m2.s) for 20 m/s stream velocity 

 
Figure 10. Maximum erosion rate (kg/m2.s) for various loading station (%) 

The relationship about solid loading and maximum erotion rate in the figure 10. shows that the 

higher of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid 

loading leads to higher kinetic energy therefore, so it will produced larger or deeper indentations in the 

elbow wall.  The larger or deeper the indentation in the elbow, the greater the amount of material flowing 

or the higher the maximum erosion rate [10]. In the stream velocity of 20 m/s as shown in figure 7 

produce surface contours is deepest with maximum erosion rates compared to stream velocity of 10 m/s 

and 15 m/s. 

3.4.  Effects of stream velocity vs maximum erotion rate  

 
Figure 11. Stream velocity (m/s) for maximum erosion rate (mm/y)  

All of stream velocity show similarity in terms of the location of the maximum erotion rate that occurs 

in the exit area of elbow. This is due to the effect of gravity when the flow moves towards the elbow 

bend. The increasing of stream velocity causes increase of the maximum erosion rate [10].  At high 

stream velocity, the inertial momentum of the particles and fluid will be increase and the impact between 

the particles with the elbow wall will be increase.  Therefore, a flow velocity of 20 m/s as shown in 

figure 9 to generate in a surface contour of a severe maximum erosion rate compared to other stream 

velocity. This result is in accordance with theory that the maximum erotion rate is directly proportional 

to stream velocity. In this condition, the increase of the flow rate an increase in the fluid stream velocity 

which in increases the stream velocity of the particles impact the elbow wall [11]. This situation is in 

accordance with research that the increase in flow stream velocity causes the particle transport capacity 

by the air to increase and increases the kinetic energy of the particles so that the touch pressure is greater 

on the inner wall of the pipe [12]. From the Figure 11 the effect of stream velocity of fluid on the 
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maximum erotion rate, it can be seen that the higher the stream velocity, the greater the difference in the 

maximum erotion rate. This indicates that the application of the erotion model in a simulation is 

dependent on the stream velocity is used. 

4.  Conclusion 

Based on this research, it can be concluded that the location of maximum erotion rate in the elbow is 

weakly influenced by flow parameters including stream velocity and solid loading. Solid loading and 

stream velocity are directly proportional to the maximum erotion rate. Higher velocity results in rapid 

collision between particles and the wall of the elbows and bigger solid loading will cause in deeper 

indentations on the wall of elbows. As a consequence, higher maximum erotion rate will be produced. 
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Corrosion is one of the problems cause the material fail, leaks in the equipment and pipe systems in 
the industry which caused distrub in productivity of production in industry. There are some ways 
to prediction erosion in pipes, with the conventional or manual and CFD. CFD is to prediction 
erosion in turbulent air flows with variations in coal particle size and velocity of flowing air. The 
results of prediction erotion based on CFD is numerical and graphic, by displayed numerical 
results into visual results.  This results include about the velocity, pressure, and temperature 
distribution in the air flow. So, CFD can be used to prediction pipe because it has wide coverage 
and effective in display numerical and visual results. Discreate Phase Model is the model of CFD 
with a variable stream velocity of 10 m/s, 15 m/s, 20 m/s and a solid loading of 5%, 10%, 15%, 
20%, 25%.  From the results, the maximum erosion rates increased with increasing sizes of 
particles and stream velocities. However, the location of the maximum erosion rate in the elbows 

region was independent on those mentioned parameters.  

Keywords: 

Maximum erotion rate; Coal; 
Discreate Phase Model; 

Computational Fluid Dynamics 

 
1. Introduction 
 

Research on internal flow was started by a doctor from Germany in 1850, namely Julius Weisbach. 
He researched related pipes, which was then continued by Henry Darcy a French engineer in 1857. 
Henry Darcy conducted experiments on pipe flow and he found the theory of the effect of roughness 
on pipe resistance which is now known as the Darcy Weisbach equation. Then followed by Osborne 
Reynolds. He conducted experiments through his classic pipe in 1883 and then found a theory related 
to the importance of the Reynolds number in fluid flow [1]. 

Corrosion is one of the most common damage to piping systems due to the relative movement 
of corrosive materials with metal surfaces, relatively high flow rates and particles that will cause 
corrosion, and relatively slow flow rates will corrode [2]. The reason why corrosion must be predicted 
is that corrosion itself is one of the problems causing material failure, leaks in equipment and piping 
systems that exist in the industrial world which later if not addressed and left alone can disrupt 
productivity [3]. Most of the experimental studies that have been done previously are focused on 
using waterand air as working fluid. Recently, some of the researchers have started to utilise air as 
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working fluid in pipe system [4]. Disturbance that can occur due to the content of sand in an air flow 
to a structure is erosion. Therefore, prediction of erosion is very important, especially in estimating 
the age of the tool in the piping system. Benefits in predicting accurate erosion especially at elbows 
can be used to improve pipe work design, inspection area, operating limits, and others. Corrosion 
that causes leaks in equipment will result in a lack of production to the cost of dealing with it. 
Therefore, a study of corrosion is very important, especially in estimating the age of equipment in a 
piping system. So far, in predicting the corrosion problem, we usually use manual calculation 
methods such as calculating flow velocity in pipes, reducers, valves, and elbows. However, this 
manual calculation tends to be more complicated, less accurate, and there is no modeling so that it 
is only a numerical calculation. In addition to manual calculations, CFD modeling can also be used. 
Computational Fluid Dynamics has overcome this difficulty as well as revolutionized the field of 
engineering. In CFD a problem is simulated in software and  the  transport  equations  associated  
with  the  problem  is  mathematically  solved  with  computer assistance. Thus, we would be able to 
predict the results of a problem before experimentation [5]. The results of the CFD program can be 
in the form of numerical results, as well as graphical results, by displaying numerical results into visual 
results. The results are in the form of visual images of the physical geometry of the air flow with a 
choice of table forms from the processing results and other forms. This research was conducted to 
predict corrosion spots on pipe geometry, first of all the model must be able to accurately predict 
the corrosion distribution in a relatively simple geometry such as an elbow by using CFD to predict 
pipe corrosion with two elbows. Elbow  is  designed  based  on  the characteristic’s method  and the 
CFD method  for  various  performance  parameters  analysis [6].  

On the other hand, there is still no other publication found related to CFD studies with variation 
two elbows .So, there is a need to study the effects corrosion with two elbows using CFD method. It 
is often reported that CFD results supplements the experimental findings by showing results that is 
difficult to be measured and shown experimentally [7]. It must be admitted that often an engineer is 
only interested in the location and rate of erosion at the maximum point, which will always occur at 
the elbow wall in direct contact with the particles. However, many more complex situations occur 
where erosion occurs, such as an elbow, valve or fitting [8]. In that case the importance of this 
research is to predict the erosion spot in the pipe geometry, first of all the model must be able to 
accurately predict the erosion distribution in a relatively simple geometry such as an elbow by using 
CFD to predict pipe erosion with two elbows for the case. Multiphase both numerically and visually 
so that it can be a solution to productivity problems in the industry due to erosion. 
 
2. Methodology  
 

Process simulation software is software that functions to improve the performance and 
optimization of chemical processes. CFD is a numerical solution program (Finite Element Method) 
based on its visual simulation. In CFD, there is a Discrete Phase Model (DPM). Discrete Phase Model 
is applied to express the interaction between particles and turbulence. This model assumes that the 
particles pass through the turbulent flow structure present in the flow. 
2.1 Research Design 

 
This study uses a pipe with two elbows with the phase flowing in it is air and the existing particles 

are coal, for the design used as the object of erosion simulation as follows as in Figure 1: 
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Fig. 1. Pipe with two elbows 

 
Stream velocity affects the erosion rate and the maximum erosion rate occurred at the centre 

area of the elbow section due to the multiple impingements of one particle effects. Further results 
by them also shows that maximum erosion rate occurred almost at the centre area of the elbow 
section when they varied the solid loading [9]. The solid loading is the amount of suspended solids in 
a substance. Increase in stream velocity results in higher particles momentum produced and lead to 
the higher erosion rate [10][11][12]. This occurs since the impinging particles must pass through a 
larger stagnation region and thus allowing extra time for the particles to decelerate [13]. Bigger solid 
loading results in larger erosion and different fluid types may cause in different erosion effects. 
Despite a lot of research reported on the erosion prediction for the elbows component in pipeline, 
however, there is still lack of information on the prediction based on the stream velocity in two 
elbow.  

In this research, CFD was applied to numerically predict erosion rate in elbows for a broad range 
of liquid/solid particles flow conditions. The elbows were tested under three different flow conditions 
named as stream velocity (10-20 m/s) and solid loading (5%-25%). Each flow conditions consist of five 
different sets of values and the results are presented in the form of maximum erosion rate graphs 
and visual illustration of erosion rate surface contours. 
2.2 Material and Particle Spesifications 
 

The materials used in this research are low quality coal and air as an oxidizer as shown in Table 1. 
 

Table 1 
Air and Coal Properties 

Air and Coal 

Air Density 1.225 kg/m3 
Coal Density 
Type 

1.200 kg/m3 
Sub-bituminous 

            

Subbituminous coal, also called black lignite, generally dark brown to black coal, intermediate in 
rank between lignite and bituminous coal according to the coal classification used in the United States 
and Canada. Between lignite and bituminous coal according to the coal classification used in the 
United States and Canada. In many countries subbituminous coal is considered to be a brown coal. 
Subbituminous coal contains 42 to 52 percent carbon (on a dry, ash-free basis) and has calorific values 
ranging from about 19 to 26 megajoules per kilogram (about 8,200 to 11,200 British thermal units 
per pound) [14]. Subbituminous coal is characterized by greater compaction than lignites as well as 
greater brightness and lustre. The woody structure characteristic of most lignite is absent from 
subbituminous coal, which often exhibits alternating dull and bright maceral bands composed of 
vitrinite in patterns similar to those found in bituminous coals. Some subbituminous coal is 
macroscopically indistinguishable from bituminous coal. Subbituminous coal contains less water 
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(typically 10 to 25 percent) and is harder than lignite, making it easier to transport, store, and use 
[15][16] . So, that the reasons why in this research use subbituminous coal. 

 
3. Results and Discusssion 
 

Two parameters were changed to demonstrate their influence on erosion rate of the elbows 
component. The two parameters were variable stream velocity of 10 m/s, 15 m/s, 20 m/s and a solid 
loading of 5%, 10%, 15%, 20%, 25%. The Reynolds number was range from 5,11x107 to 1,08x108. 
Reynolds number determines the pattern of fluid flow in different situations, investigated both 
numerically and experimentally the elbows section's performanceaffected by Reynolds number [17]. 
During the simulation, another parameters were kept constant for each tested flow conditions. The 
effects of flow conditions stream velocity and elbows diameter on erosion rate of the elbows 
component are presented in the form of maximum erosion rate graphs and visual illustration of 
erosion rate surface contours.  
3.1 Effects of flow conditions stream velocity 10 m/s with reynold number 5,11x107 
 

Erotion rate surface contours for the particles diameter 100 µm. Solid loading of 5%, 10%, 15%, 
20%, 25% show maximum erosion rate occurred in two locations of maximum erosion rate observed 
and it is located of the  section first elbow are depicted in Figure 2 and second elbow are depicted in 
Figure 3. In addition, particle with solid loading 25% indicates clear impingement at the inlet section 
of elbows compared to other solid loading. This might be due to the smaller size of particles which is 
lightweight and easier to deviate from streamline at the entrance region of the elbow. After multiple 
impingements at the entrance region of the elbow, the deviated particles then follow the streamline 
again and strikes the turn region of the elbow.  

 

 

 

Fig. 2. Erosion rate surface contour in first elbow (kg/m2.s) for 10 m/s stream velocity 

 

 

 
Fig. 3. Erosion rate surface contour in second elbow (kg/m2.s) for 10 m/s stream velocity 
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Fig. 4. Maximum erosion rate (kg/m2.s) for various loading station (%) 

Figure 4 shows the maximum erosion rate that occurs at the first and second elbow with this flow 
conditions. The maximum erosion rate is influenced by the increase in stream velocity and solid 
loading. Solid loading is the mass flow rate of particles in percent. The relationship about solid loading 
and maximum erotion rate in the figure 4, shows that the higher of the solid loading, the higher the 
maximum erotion rate. This is because, the larger of solid loading leads to higher kinetic energy 
therefore, so it will produced larger or deeper indentations in the elbow wall.  The larger or deeper 
the indentation in the elbow, the greater the amount of material flowing or the higher the maximum 
erosion rate [18]. In this condition, 25% of solid loading produces the highest maximum erotion rate 
compared to the other. 
3.2 Effects of flow conditions stream velocity 15 m/s with reynold number 7,67x107 
 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 15 
m/s. Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations 
of maximum erosion rate observed and it is located of the section first elbow are depicted in Figure 
5 and second elbow are depicted in Figure 6.  In addition, particle with solid loading 25% indicates 
clear impingement at the inlet section of elbows compared to other solid loading. 

 

 

Fig. 5. Erosion rate surface contour in first elbow (kg/m2.s) for 15 m/s stream velocity 

 

 

 
Fig. 6. Erosion rate surface contour in second elbow (kg/m2.s) for 15 m/s stream velocity 

0,00E+00

2,00E+03

4,00E+03

6,00E+03

8,00E+03

1,00E+04

1,20E+04

1,40E+04

1,60E+04

1,80E+04

0% 10% 20% 30%

M
ax

 E
ro

si
o

n
 R

at
e 

(m
m

/t
h

)
Loading station

R1 R2



 Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume XX, Issue X (2021) XX-XX 

22 
 

 

 
Fig. 7. Maximum erosion rate (kg/m2.s) for various loading station (%) 

The relationship about solid loading and maximum erotion rate in the figure 7, shows that the 
higher of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid 
loading leads to higher kinetic energy therefore, so it will produced larger or deeper indentations in 
the elbow wall.  The larger or deeper the indentation in the elbow, the greater the amount of material 
flowing or the higher the maximum erosion rate [18]. In the stream velocity of 15 m/s as shown in 
figure 7 produce surface contours is deeper with maximum erosion rates compared to stream 
velocity of 10 m/s. 
3.3 Effects of flow conditions stream velocity 20 m/s with reynold number 1,08x108 
 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 20 
m/s. Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations 
of maximum erosion rate observed and it is located of the  section first elbow are depicted in Figure 
8 and second elbow are depicted in Figure 9.  In addition, particle with solid loading 25% indicates 
clear impingement at the inlet section of elbows compared to other solid loading. 

 

 

 

Fig. 8. Erosion rate surface contour in first elbow (kg/m2.s) for 20 m/s stream velocity 

 

 

 
Fig. 9. Erosion rate surface contour in second elbow (kg/m2.s) for 20 m/s stream velocity 
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Fig. 10. Maximum erosion rate (kg/m2.s) for various loading station (%) 

The relationship about solid loading and maximum erotion rate in the figure 10, shows that the 
higher of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid 
loading leads to higher kinetic energy therefore, so it will produced larger or deeper indentations in 
the elbow wall.  The larger or deeper the indentation in the elbow, the greater the amount of material 
flowing or the higher the maximum erosion rate [18]. In the stream velocity of 20 m/s as shown in 
figure 7 produce surface contours is deepest with maximum erosion rates compared to stream 
velocity of 10 m/s and 15 m/s. 
3.4 Effects of stream velocity vs maximum erotion rate 

 
Fig. 11. Stream velocity (m/s) for maximum erosion rate (mm/y)  

All of stream velocity show similarity in terms of the location of the maximum erotion rate that 
occurs in the exit area of elbow. This is due to the effect of gravity when the flow moves towards the 
elbow bend. The increasing of stream velocity causes increase of the maximum erosion rate [18].  At 
high stream velocity, the inertial momentum of the particles and fluid will be increase and the impact 
between the particles with the elbow wall will be increase.  Therefore, a flow velocity of 20 m/s as 
shown in figure 9 to generate in a surface contour of a severe maximum erosion rate compared to 
other stream velocity. This result is in accordance with theory that the maximum erotion rate is 
directly proportional to stream velocity. In this condition, the increase of the flow rate an increase in 
the fluid stream velocity which in increases the stream velocity of the particles impact the elbow wall 
[19]. This situation is in accordance with research that the increase in flow stream velocity causes the 
particle transport capacity by the air to increase and increases the kinetic energy of the particles so 
that the touch pressure is greater on the inner wall of the pipe [20]. From the Figure 11 the effect of 
stream velocity of fluid on the maximum erotion rate, it can be seen that the higher the stream 
velocity, the greater the difference in the maximum erotion rate. This indicates that the application 
of the erotion model in a simulation is dependent on the stream velocity is used.  

 
4. Conclusions 
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Based on the CFD method used in this study, erosion in elbow is predicted using numerical 

simulation. The 2 elbows are used with air as fluid system and coal as particles system. The model of 
CFD with a variable stream velocity of 10 m/s, 15 m/s, 20 m/s and a solid loading of 5%, 10%, 15%, 
20%, 25%.  From these results, the following conclusions can be drawn, that the location of maximum 
erotion rate in the elbow is weakly influenced by flow parameters including stream velocity and solid 
loading. Solid loading and stream velocity are directly proportional to the maximum erotion rate. 
Higher velocity results in rapid collision between particles and the wall of the elbows and bigger solid 
loading will cause in deeper indentations on the wall of elbows. As a consequence, higher maximum 
erotion rate will be produced. 
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Corrosion is one of the problems cause the material fail, leaks in the equipment and pipe 
systems in the industry which caused distrub in productivity of production in industry. 
There are some ways to prediction erosion in pipes, with the conventional or manual and 
CFD. CFD is to prediction erosion in turbulent air flows with variations in coal particle size 
and velocity of flowing air. The results of prediction erotion based on CFD is numerical 
and graphic, by displayed numerical results into visual results. These results include about 
the velocity, pressure, and temperature distribution in the air flow. So, CFD can be used 
to prediction pipe because it has wide coverage and effective in display numerical and 
visual results. Discreate Phase Model is the model of CFD with a variable stream velocity 
of 10 m/s, 15 m/s, 20 m/s and a solid loading of 5%, 10%, 15%, 20%, 25%. From the 
results, the maximum erosion rates increased with increasing sizes of particles and 
stream velocities. However, the location of the maximum erosion rate in the elbows 
region was independent on those mentioned parameters. 
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1. Introduction 
 

Research on internal flow was started by a doctor from Germany in 1850, namely Julius Weisbach. 
He researched related pipes, which was then continued by Henry Darcy a French engineer in 1857. 
Henry Darcy conducted experiments on pipe flow and he found the theory of the effect of roughness 
on pipe resistance which is now known as the Darcy Weisbach equation. Then followed by Osborne 
Reynolds. He conducted experiments through his classic pipe in 1883 and then found a theory related 
to the importance of the Reynolds number in fluid flow [1]. 

Corrosion is one of the most common damages to piping systems due to the relative movement 
of corrosive materials with metal surfaces, relatively high flow rates and particles that will cause 
corrosion, and relatively slow flow rates will corrode [2]. The reason why corrosion must be predicted 
is that corrosion itself is one of the problems causing material failure, leaks in equipment and piping 
systems that exist in the industrial world which later if not addressed and left alone can disrupt 
productivity [3]. Most of the experimental studies that have been done previously are focused on 
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using water and air as working fluid. Recently, some of the researchers have started to utilise air as 
working fluid in pipe system [4]. Disturbance that can occur due to the content of sand in an air flow 
to a structure is erosion. Therefore, prediction of erosion is very important, especially in estimating 
the age of the tool in the piping system. Benefits in predicting accurate erosion especially at elbows 
can be used to improve pipe work design, inspection area, operating limits, and others. Corrosion 
that causes leaks in equipment will result in a lack of production to the cost of dealing with it. 
Therefore, a study of corrosion is very important, especially in estimating the age of equipment in a 
piping system. So far, in predicting the corrosion problem, we usually use manual calculation 
methods such as calculating flow velocity in pipes, reducers, valves, and elbows. However, this 
manual calculation tends to be more complicated, less accurate, and there is no modeling so that it 
is only a numerical calculation. In addition to manual calculations, CFD modeling can also be used. 
Computational Fluid Dynamics has overcome this difficulty as well as revolutionized the field of 
engineering. In CFD a problem is simulated in software and the transport equations associated with 
the problem is mathematically solved with computer assistance. Thus, we would be able to predict 
the results of a problem before experimentation [5]. The results of the CFD program can be in the 
form of numerical results, as well as graphical results, by displaying numerical results into visual 
results. The results are in the form of visual images of the physical geometry of the air flow with a 
choice of table forms from the processing results and other forms. This research was conducted to 
predict corrosion spots on pipe geometry, first of all the model must be able to accurately predict 
the corrosion distribution in a relatively simple geometry such as an elbow by using CFD to predict 
pipe corrosion with two elbows. Elbow is designed based on the characteristic’s method and the CFD 
method for various performance parameters analysis [6]. 

On the other hand, there is still no other publication found related to CFD studies with variation 
two elbows. So, there is a need to study the effects corrosion with two elbows using CFD method. It 
is often reported that CFD results supplements the experimental findings by showing results that is 
difficult to be measured and shown experimentally [7]. It must be admitted that often an engineer is 
only interested in the location and rate of erosion at the maximum point, which will always occur at 
the elbow wall in direct contact with the particles. However, many more complex situations occur 
where erosion occurs, such as an elbow, valve or fitting [8]. In that case the importance of this 
research is to predict the erosion spot in the pipe geometry, first of all the model must be able to 
accurately predict the erosion distribution in a relatively simple geometry such as an elbow by using 
CFD to predict pipe erosion with two elbows for the case. Multiphase both numerically and visually 
so that it can be a solution to productivity problems in the industry due to erosion. 
 
2. Methodology 
 

Process simulation software is software that functions to improve the performance and 
optimization of chemical processes. CFD is a numerical solution program (Finite Element Method) 
based on its visual simulation. In CFD, there is a Discrete Phase Model (DPM). Discrete Phase Model 
is applied to express the interaction between particles and turbulence. This model assumes that the 
particles pass through the turbulent flow structure present in the flow. 
 
2.1 Research Design 
 

This study uses a pipe with two elbows with the phase flowing in it is air and the existing particles 
are coal, for the design used as the object of erosion simulation as follows as in Figure 1. 
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Fig. 1. Pipe with two elbows 

 
Stream velocity affects the erosion rate and the maximum erosion rate occurred at the centre 

area of the elbow section due to the multiple impingements of one particle effects. Further results 
by them also shows that maximum erosion rate occurred almost at the centre area of the elbow 
section when they varied the solid loading [9]. The solid loading is the number of suspended solids in 
a substance. Increase in stream velocity results in higher particles momentum produced and lead to 
the higher erosion rate [10,11]. This occurs since the impinging particles must pass through a larger 
stagnation region and thus allowing extra time for the particles to decelerate [12]. Bigger solid 
loading results in larger erosion and different fluid types may cause in different erosion effects. 
Despite a lot of research reported on the erosion prediction for the elbow’s component in pipeline, 
however, there is still lack of information on the prediction based on the stream velocity in two 
elbows. 

In this research, CFD was applied to numerically predict erosion rate in elbows for a broad range 
of liquid/solid particles flow conditions. The elbows were tested under three different flow conditions 
named as stream velocity (10-20 m/s) and solid loading (5%-25%). Each flow conditions consist of five 
different sets of values and the results are presented in the form of maximum erosion rate graphs 
and visual illustration of erosion rate surface contours. 
 
2.2 Material and Particle Specifications 
 

The materials used in this research are low quality coal and air as an oxidizer as shown in Table 1. 
 

Table 1 
Air and Coal Properties 
Air and Coal 

Air Density 1.225 kg/m3 
Coal Density 1.200 kg/m3 
Type Sub-bituminous 

 

Subbituminous coal, also called black lignite, generally dark brown to black coal, intermediate in 
rank between lignite and bituminous coal according to the coal classification used in the United States 
and Canada. Between lignite and bituminous coal according to the coal classification used in the 
United States and Canada. In many countries subbituminous coal is considered to be a brown coal. 
Subbituminous coal contains 42 to 52 percent carbon (on a dry, ash-free basis) and has calorific values 
ranging from about 19 to 26 megajoules per kilogram (about 8,200 to 11,200 British thermal units 
per pound) [13]. Subbituminous coal is characterized by greater compaction than lignites as well as 
greater brightness and lustre. The woody structure characteristic of most lignite is absent from 
subbituminous coal, which often exhibits alternating dull and bright maceral bands composed of 
vitrinite in patterns similar to those found in bituminous coals. Some subbituminous coal is 
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macroscopically indistinguishable from bituminous coal. Subbituminous coal contains less water 
(typically 10 to 25 percent) and is harder than lignite, making it easier to transport, store, and use 
[13,14]. So, that the reasons why in this research use subbituminous coal. 
 
3. Results and Discussion 
 

Two parameters were changed to demonstrate their influence on erosion rate of the elbows 
component. The two parameters were variable stream velocity of 10 m/s, 15 m/s, 20 m/s and a solid 
loading of 5%, 10%, 15%, 20%, 25%. The Reynolds number was range from 5,11x107 to 1,08x108. 
Reynolds number determines the pattern of fluid flow in different situations, investigated both 
numerically and experimentally the elbows section's performance affected by Reynolds number [15]. 
During the simulation, other parameters were kept constant for each tested flow conditions. The 
effects of flow conditions stream velocity and elbows diameter on erosion rate of the elbows 
component are presented in the form of maximum erosion rate graphs and visual illustration of 
erosion rate surface contours. 
 
3.1 Effects of Flow Conditions Stream Velocity 10 m/s with Reynold Number 5,11x107 
 

Erotion rate surface contours for the particles diameter 100 µm. Solid loading of 5%, 10%, 15%, 
20%, 25% show maximum erosion rate occurred in two locations of maximum erosion rate observed 
and it is located of the section first elbow are depicted in Figure 2 and second elbow are depicted in 
Figure 3. In addition, particle with solid loading 25% indicates clear impingement at the inlet section 
of elbows compared to other solid loading. This might be due to the smaller size of particles which is 
lightweight and easier to deviate from streamline at the entrance region of the elbow. After multiple 
impingements at the entrance region of the elbow, the deviated particles then follow the streamline 
again and strikes the turn region of the elbow. 

Figure 4 shows the maximum erosion rate that occurs at the first and second elbow with this flow 
conditions. The maximum erosion rate is influenced by the increase in stream velocity and solid 
loading. Solid loading is the mass flow rate of particles in percent. The relationship about solid loading 
and maximum erotion rate in Figure 4, shows that the higher of the solid loading, the higher the 
maximum erotion rate. This is because, the larger of solid loading leads to higher kinetic energy 
therefore, so it will produce larger or deeper indentations in the elbow wall. The larger or deeper the 
indentation in the elbow, the greater the amount of material flowing or the higher the maximum 
erosion rate [16]. In this condition, 25% of solid loading produces the highest maximum erotion rate 
compared to the other. 
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Fig. 2. Erosion rate surface contour in first elbow (kg/m2.s) for 10 m/s stream velocity 

 

   
 

  
Fig. 3. Erosion rate surface contour in second elbow (kg/m2.s) for 10 m/s stream velocity 
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Fig. 4. Maximum erosion rate (kg/m2.s) for various 
loading station (%) 

 
3.2 Effects of Flow Conditions Stream Velocity 15 m/s with Reynold Number 7,67x107 
 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 15 
m/s. Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations 
of maximum erosion rate observed and it is located of the section first elbow are depicted in Figure 
5 and second elbow are depicted in Figure 6. In addition, particle with solid loading 25% indicates 
clear impingement at the inlet section of elbows compared to other solid loading. 
 

   
 

  
Fig. 5. Erosion rate surface contour in first elbow (kg/m2.s) for 15 m/s stream velocity 
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Fig. 6. Erosion rate surface contour in second elbow (kg/m2.s) for 15 m/s stream velocity 

 
The relationship about solid loading and maximum erotion rate in Figure 7, shows that the higher 

of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid loading 
leads to higher kinetic energy therefore, so it will produce larger or deeper indentations in the elbow 
wall. The larger or deeper the indentation in the elbow, the greater the amount of material flowing 
or the higher the maximum erosion rate [16]. In the stream velocity of 15 m/s as shown in Figure 7 
produce surface contours is deeper with maximum erosion rates compared to stream velocity of 10 
m/s. 
 

 
Fig. 7. Maximum erosion rate (kg/m2.s) for various 
loading station (%) 

 
3.3 Effects of Flow Conditions Stream Velocity 20 m/s with Reynold Number 1,08x108 
 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 20 
m/s. Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations 
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of maximum erosion rate observed and it is located of the section first elbow are depicted in Figure 
8 and second elbow are depicted in Figure 9. In addition, particle with solid loading 25% indicates 
clear impingement at the inlet section of elbows compared to other solid loading. 
 

   
 

  
Fig. 8. Erosion rate surface contour in first elbow (kg/m2.s) for 20 m/s stream velocity 

 

   
 

  
Fig. 9. Erosion rate surface contour in second elbow (kg/m2.s) for 20 m/s stream velocity 
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The relationship about solid loading and maximum erotion rate in Figure 10, shows that the 
higher of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid 
loading leads to higher kinetic energy therefore, so it will produce larger or deeper indentations in 
the elbow wall. The larger or deeper the indentation in the elbow, the greater the amount of material 
flowing or the higher the maximum erosion rate [16]. In the stream velocity of 20 m/s as shown in 
Figure 7 produce surface contours is deepest with maximum erosion rates compared to stream 
velocity of 10 m/s and 15 m/s. 
 

 
Fig. 10. Maximum erosion rate (kg/m2.s) for 
various loading station (%) 

 
3.4 Effects of Stream Velocity Vs Maximum Erotion Rate 
 

All of stream velocity show similarity in terms of the location of the maximum erotion rate that 
occurs in the exit area of elbow. This is due to the effect of gravity when the flow moves towards the 
elbow bend. The increasing of stream velocity causes increase of the maximum erosion rate [16]. At 
high stream velocity, the inertial momentum of the particles and fluid will be increase and the impact 
between the particles with the elbow wall will be increase. Therefore, a flow velocity of 20 m/s as 
shown in Figure 9 to generate in a surface contour of a severe maximum erosion rate compared to 
other stream velocity. This result is in accordance with theory that the maximum erotion rate is 
directly proportional to stream velocity. In this condition, the increase of the flow rate an increase in 
the fluid stream velocity which in increases the stream velocity of the particles impact the elbow wall 
[17]. This situation is in accordance with research that the increase in flow stream velocity causes the 
particle transport capacity by the air to increase and increases the kinetic energy of the particles so 
that the touch pressure is greater on the inner wall of the pipe [18]. From the Figure 11 the effect of 
stream velocity of fluid on the maximum erotion rate, it can be seen that the higher the stream 
velocity, the greater the difference in the maximum erotion rate. This indicates that the application 
of the erotion model in a simulation is dependent on the stream velocity is used. 
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Fig. 11. Stream velocity (m/s) for maximum erosion rate 
(mm/y) 

 
4. Conclusions 
 

Based on the CFD method used in this study, erosion in elbow is predicted using numerical 
simulation. The 2 elbows are used with air as fluid system and coal as particles system. The model of 
CFD with a variable stream velocity of 10 m/s, 15 m/s, 20 m/s and a solid loading of 5%, 10%, 15%, 
20%, 25%. From these results, the following conclusions can be drawn, that the location of maximum 
erotion rate in the elbow is weakly influenced by flow parameters including stream velocity and solid 
loading. Solid loading and stream velocity are directly proportional to the maximum erotion rate. 
Higher velocity results in rapid collision between particles and the wall of the elbows and bigger solid 
loading will cause in deeper indentations on the wall of elbows. As a consequence, higher maximum 
erotion rate will be produced. 
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Corrosion is one of the problems cause the material fail, leaks in the equipment and pipe 
systems in the industry which caused distrub in productivity of production in industry. 
There are some ways to prediction erosion in pipes, with the conventional or manual and 
CFD. CFD is to prediction erosion in turbulent air flows with variations in coal particle size 
and velocity of flowing air. The results of prediction erotion based on CFD is numerical 
and graphic, by displayed numerical results into visual results. These results include about 
the velocity, pressure, and temperature distribution in the air flow. So, CFD can be used 
to prediction pipe because it has wide coverage and effective in display numerical and 
visual results. Discreate Phase Model is the model of CFD with a variable stream velocity 
of 10 m/s, 15 m/s, 20 m/s and a solid loading of 5%, 10%, 15%, 20%, 25%. From the 
results, the maximum erosion rates increased with increasing sizes of particles and 
stream velocities. However, the location of the maximum erosion rate in the elbows 
region was independent on those mentioned parameters. 
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1. Introduction 
 

Research on internal flow was started by a doctor from Germany in 1850, namely Julius Weisbach. 
He researched related pipes, which was then continued by Henry Darcy a French engineer in 1857. 
Henry Darcy conducted experiments on pipe flow and he found the theory of the effect of roughness 
on pipe resistance which is now known as the Darcy Weisbach equation. Then followed by Osborne 
Reynolds. He conducted experiments through his classic pipe in 1883 and then found a theory related 
to the importance of the Reynolds number in fluid flow [1]. 

Corrosion is one of the most common damages to piping systems due to the relative movement 
of corrosive materials with metal surfaces, relatively high flow rates and particles that will cause 
corrosion, and relatively slow flow rates will corrode [2]. The reason why corrosion must be predicted 
is that corrosion itself is one of the problems causing material failure, leaks in equipment and piping 
systems that exist in the industrial world which later if not addressed and left alone can disrupt 
productivity [3]. Most of the experimental studies that have been done previously are focused on 
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using water and air as working fluid. Recently, some of the researchers have started to utilise air as 
working fluid in pipe system [4]. Disturbance that can occur due to the content of sand in an air flow 
to a structure is erosion. Therefore, prediction of erosion is very important, especially in estimating 
the age of the tool in the piping system. Benefits in predicting accurate erosion especially at elbows 
can be used to improve pipe work design, inspection area, operating limits, and others. Corrosion 
that causes leaks in equipment will result in a lack of production to the cost of dealing with it. 
Therefore, a study of corrosion is very important, especially in estimating the age of equipment in a 
piping system. So far, in predicting the corrosion problem, we usually use manual calculation 
methods such as calculating flow velocity in pipes, reducers, valves, and elbows. However, this 
manual calculation tends to be more complicated, less accurate, and there is no modeling so that it 
is only a numerical calculation. In addition to manual calculations, CFD modeling can also be used. 
Computational Fluid Dynamics has overcome this difficulty as well as revolutionized the field of 
engineering. In CFD a problem is simulated in software and the transport equations associated with 
the problem is mathematically solved with computer assistance. Thus, we would be able to predict 
the results of a problem before experimentation [5]. The results of the CFD program can be in the 
form of numerical results, as well as graphical results, by displaying numerical results into visual 
results. The results are in the form of visual images of the physical geometry of the air flow with a 
choice of table forms from the processing results and other forms. This research was conducted to 
predict corrosion spots on pipe geometry, first of all the model must be able to accurately predict 
the corrosion distribution in a relatively simple geometry such as an elbow by using CFD to predict 
pipe corrosion with two elbows. Elbow is designed based on the characteristic’s method and the CFD 
method for various performance parameters analysis [6]. 

On the other hand, there is still no other publication found related to CFD studies with variation 
two elbows. So, there is a need to study the effects corrosion with two elbows using CFD method. It 
is often reported that CFD results supplements the experimental findings by showing results that is 
difficult to be measured and shown experimentally [7]. It must be admitted that often an engineer is 
only interested in the location and rate of erosion at the maximum point, which will always occur at 
the elbow wall in direct contact with the particles. However, many more complex situations occur 
where erosion occurs, such as an elbow, valve or fitting [8]. In that case the importance of this 
research is to predict the erosion spot in the pipe geometry, first of all the model must be able to 
accurately predict the erosion distribution in a relatively simple geometry such as an elbow by using 
CFD to predict pipe erosion with two elbows for the case. Multiphase both numerically and visually 
so that it can be a solution to productivity problems in the industry due to erosion. 
 
2. Methodology 
 

Process simulation software is software that functions to improve the performance and 
optimization of chemical processes. CFD is a numerical solution program (Finite Element Method) 
based on its visual simulation. In CFD, there is a Discrete Phase Model (DPM). Discrete Phase Model 
is applied to express the interaction between particles and turbulence. This model assumes that the 
particles pass through the turbulent flow structure present in the flow. 
 
2.1 Research Design 
 

This study uses a pipe with two elbows with the phase flowing in it is air and the existing particles 
are coal, for the design used as the object of erosion simulation as follows as in Figure 1. 
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Fig. 1. Pipe with two elbows 

 
Stream velocity affects the erosion rate and the maximum erosion rate occurred at the centre 

area of the elbow section due to the multiple impingements of one particle effects. Further results 
by them also shows that maximum erosion rate occurred almost at the centre area of the elbow 
section when they varied the solid loading [9]. The solid loading is the number of suspended solids in 
a substance. Increase in stream velocity results in higher particles momentum produced and lead to 
the higher erosion rate [10,11]. This occurs since the impinging particles must pass through a larger 
stagnation region and thus allowing extra time for the particles to decelerate [12]. Bigger solid 
loading results in larger erosion and different fluid types may cause in different erosion effects. 
Despite a lot of research reported on the erosion prediction for the elbow’s component in pipeline, 
however, there is still lack of information on the prediction based on the stream velocity in two 
elbows. 

In this research, CFD was applied to numerically predict erosion rate in elbows for a broad range 
of liquid/solid particles flow conditions. The elbows were tested under three different flow conditions 
named as stream velocity (10-20 m/s) and solid loading (5%-25%). Each flow conditions consist of five 
different sets of values and the results are presented in the form of maximum erosion rate graphs 
and visual illustration of erosion rate surface contours. 
 
2.2 Material and Particle Specifications 
 

The materials used in this research are low quality coal and air as an oxidizer as shown in Table 1. 
 

Table 1 
Air and Coal Properties 
Air and Coal 

Air Density 1.225 kg/m3 
Coal Density 1.200 kg/m3 
Type Sub-bituminous 

 

Subbituminous coal, also called black lignite, generally dark brown to black coal, intermediate in 
rank between lignite and bituminous coal according to the coal classification used in the United States 
and Canada. Between lignite and bituminous coal according to the coal classification used in the 
United States and Canada. In many countries subbituminous coal is considered to be a brown coal. 
Subbituminous coal contains 42 to 52 percent carbon (on a dry, ash-free basis) and has calorific values 
ranging from about 19 to 26 megajoules per kilogram (about 8,200 to 11,200 British thermal units 
per pound) [13]. Subbituminous coal is characterized by greater compaction than lignites as well as 
greater brightness and lustre. The woody structure characteristic of most lignite is absent from 
subbituminous coal, which often exhibits alternating dull and bright maceral bands composed of 
vitrinite in patterns similar to those found in bituminous coals. Some subbituminous coal is 
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macroscopically indistinguishable from bituminous coal. Subbituminous coal contains less water 
(typically 10 to 25 percent) and is harder than lignite, making it easier to transport, store, and use 
[13,14]. So, that the reasons why in this research use subbituminous coal. 
 
3. Results and Discussion 
 

Two parameters were changed to demonstrate their influence on erosion rate of the elbows 
component. The two parameters were variable stream velocity of 10 m/s, 15 m/s, 20 m/s and a solid 
loading of 5%, 10%, 15%, 20%, 25%. The Reynolds number was range from 5,11x107 to 1,08x108. 
Reynolds number determines the pattern of fluid flow in different situations, investigated both 
numerically and experimentally the elbows section's performance affected by Reynolds number [15]. 
During the simulation, other parameters were kept constant for each tested flow conditions. The 
effects of flow conditions stream velocity and elbows diameter on erosion rate of the elbows 
component are presented in the form of maximum erosion rate graphs and visual illustration of 
erosion rate surface contours. 
 
3.1 Effects of Flow Conditions Stream Velocity 10 m/s with Reynold Number 5,11x107 
 

Erotion rate surface contours for the particles diameter 100 µm. Solid loading of 5%, 10%, 15%, 
20%, 25% show maximum erosion rate occurred in two locations of maximum erosion rate observed 
and it is located of the section first elbow are depicted in Figure 2 and second elbow are depicted in 
Figure 3. In addition, particle with solid loading 25% indicates clear impingement at the inlet section 
of elbows compared to other solid loading. This might be due to the smaller size of particles which is 
lightweight and easier to deviate from streamline at the entrance region of the elbow. After multiple 
impingements at the entrance region of the elbow, the deviated particles then follow the streamline 
again and strikes the turn region of the elbow. 

Figure 4 shows the maximum erosion rate that occurs at the first and second elbow with this flow 
conditions. The maximum erosion rate is influenced by the increase in stream velocity and solid 
loading. Solid loading is the mass flow rate of particles in percent. The relationship about solid loading 
and maximum erotion rate in Figure 4, shows that the higher of the solid loading, the higher the 
maximum erotion rate. This is because, the larger of solid loading leads to higher kinetic energy 
therefore, so it will produce larger or deeper indentations in the elbow wall. The larger or deeper the 
indentation in the elbow, the greater the amount of material flowing or the higher the maximum 
erosion rate [16]. In this condition, 25% of solid loading produces the highest maximum erotion rate 
compared to the other. 
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Fig. 2. Erosion rate surface contour in first elbow (kg/m2.s) for 10 m/s stream velocity 

 

   
 

  
Fig. 3. Erosion rate surface contour in second elbow (kg/m2.s) for 10 m/s stream velocity 
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Fig. 4. Maximum erosion rate (kg/m2.s) for various 
loading station (%) 

 
3.2 Effects of Flow Conditions Stream Velocity 15 m/s with Reynold Number 7,67x107 
 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 15 
m/s. Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations 
of maximum erosion rate observed and it is located of the section first elbow are depicted in Figure 
5 and second elbow are depicted in Figure 6. In addition, particle with solid loading 25% indicates 
clear impingement at the inlet section of elbows compared to other solid loading. 
 

   
 

  
Fig. 5. Erosion rate surface contour in first elbow (kg/m2.s) for 15 m/s stream velocity 
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Fig. 6. Erosion rate surface contour in second elbow (kg/m2.s) for 15 m/s stream velocity 

 
The relationship about solid loading and maximum erotion rate in Figure 7, shows that the higher 

of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid loading 
leads to higher kinetic energy therefore, so it will produce larger or deeper indentations in the elbow 
wall. The larger or deeper the indentation in the elbow, the greater the amount of material flowing 
or the higher the maximum erosion rate [16]. In the stream velocity of 15 m/s as shown in Figure 7 
produce surface contours is deeper with maximum erosion rates compared to stream velocity of 10 
m/s. 
 

 
Fig. 7. Maximum erosion rate (kg/m2.s) for various 
loading station (%) 

 
3.3 Effects of Flow Conditions Stream Velocity 20 m/s with Reynold Number 1,08x108 
 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 20 
m/s. Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations 
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of maximum erosion rate observed and it is located of the section first elbow are depicted in Figure 
8 and second elbow are depicted in Figure 9. In addition, particle with solid loading 25% indicates 
clear impingement at the inlet section of elbows compared to other solid loading. 
 

   
 

  
Fig. 8. Erosion rate surface contour in first elbow (kg/m2.s) for 20 m/s stream velocity 

 

   
 

  
Fig. 9. Erosion rate surface contour in second elbow (kg/m2.s) for 20 m/s stream velocity 
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The relationship about solid loading and maximum erotion rate in Figure 10, shows that the 
higher of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid 
loading leads to higher kinetic energy therefore, so it will produce larger or deeper indentations in 
the elbow wall. The larger or deeper the indentation in the elbow, the greater the amount of material 
flowing or the higher the maximum erosion rate [16]. In the stream velocity of 20 m/s as shown in 
Figure 7 produce surface contours is deepest with maximum erosion rates compared to stream 
velocity of 10 m/s and 15 m/s. 
 

 
Fig. 10. Maximum erosion rate (kg/m2.s) for 
various loading station (%) 

 
3.4 Effects of Stream Velocity Vs Maximum Erotion Rate 
 

All of stream velocity show similarity in terms of the location of the maximum erotion rate that 
occurs in the exit area of elbow. This is due to the effect of gravity when the flow moves towards the 
elbow bend. The increasing of stream velocity causes increase of the maximum erosion rate [16]. At 
high stream velocity, the inertial momentum of the particles and fluid will be increase and the impact 
between the particles with the elbow wall will be increase. Therefore, a flow velocity of 20 m/s as 
shown in Figure 9 to generate in a surface contour of a severe maximum erosion rate compared to 
other stream velocity. This result is in accordance with theory that the maximum erotion rate is 
directly proportional to stream velocity. In this condition, the increase of the flow rate an increase in 
the fluid stream velocity which in increases the stream velocity of the particles impact the elbow wall 
[17]. This situation is in accordance with research that the increase in flow stream velocity causes the 
particle transport capacity by the air to increase and increases the kinetic energy of the particles so 
that the touch pressure is greater on the inner wall of the pipe [18]. From the Figure 11 the effect of 
stream velocity of fluid on the maximum erotion rate, it can be seen that the higher the stream 
velocity, the greater the difference in the maximum erotion rate. This indicates that the application 
of the erotion model in a simulation is dependent on the stream velocity is used. 
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Fig. 11. Stream velocity (m/s) for maximum erosion rate 
(mm/y) 

 
4. Conclusions 
 

Based on the CFD method used in this study, erosion in elbow is predicted using numerical 
simulation. The 2 elbows are used with air as fluid system and coal as particles system. The model of 
CFD with a variable stream velocity of 10 m/s, 15 m/s, 20 m/s and a solid loading of 5%, 10%, 15%, 
20%, 25%. From these results, the following conclusions can be drawn, that the location of maximum 
erotion rate in the elbow is weakly influenced by flow parameters including stream velocity and solid 
loading. Solid loading and stream velocity are directly proportional to the maximum erotion rate. 
Higher velocity results in rapid collision between particles and the wall of the elbows and bigger solid 
loading will cause in deeper indentations on the wall of elbows. As a consequence, higher maximum 
erotion rate will be produced. 
 
Acknowledgement 
This research was not founded by any grant. 
 

References 
[1] Sulistyono, Wahyu, and Athanasius Priharyoto Bayuseno. "Analisis korosi dan erosi di dalam pipa pdam semarang." 

Jurnal Teknik Mesin 2, no. 4 (2014): 354-363. 
[2] Prasojo, Budi, Subagio So'im, Endah Wismawati, and Arif Muhammad Yunan. "Analisa Laju Erosi dan Perhitungan 

Lifetime Terhadap Material Stainless Steel 304, 310, dan 321 pada Aliran Reject 1st Cleaner to 2nd Cleaner OCC 
Line Voith Unit SP 3-5 di PT. PAKERIN (Pabrik Kertas Indonesia)." In Seminar MASTER PPNS, vol. 2, no. 1, pp. 105-
110. 2017. 

[3] Yudhatama, Ido Widya, Mas Irfan P. Hidayat, and Wikan Jatimurti. "Simulasi Computational Fluid Dynamics (CFD) 
Erosi Partikel Pasir dalam Aliran Fluida Gas Turbulen pada Elbow Pipa Vertikal-Horizontal." Jurnal Teknik ITS 7, no. 
2 (2018): 134-140. 

[4] Rosli, Mohd Afzanizam Mohd, Yew Wai Loon, Muhammad Zaid Nawam, Suhaimi Misha, Aiman Roslizar, Faridah 
Hussain, Nurfaizey Abdul Hamid, Zainal Arifin, and Safarudin Gazali Herawan. "Validation Study of Photovoltaic 
Thermal Nanofluid Based Coolant Using Computational Fluid Dynamics Approach." CFD Letters 13, no. 3 (2021): 58-
71. https://doi.org/10.37934/cfdl.13.3.5871  

[5] Almayas, Ali, Mohd Saffuan Yaakob, Faieza Abdul Aziz, Noorfaizal Yidris, and Kamarul Arifin Ahmad. "CFD 
Application for Solid Propellant Rocket Simulation: A Review." CFD Letters 13, no. 1 (2021): 84-95. 
https://doi.org/10.37934/cfdl.13.1.8495  

[6] Khan, Sher Afghan, Abdul Aabid, Fharukh Ahmed Mehaboobali Ghasi, Abdulrahman Abdullah Al-Robaian, and Ali 
Sulaiman Alsagri. "Analysis of area ratio in a CD nozzle with suddenly expanded duct using CFD method." CFD Letters 
11, no. 5 (2019): 61-71. 

[7] Ren, Hew Wei, Fatimah Al Zahrah Mohd Saat, Fadhilah Shikh Anuar, Mohd Arizam Abdul Wahap, Ernie Mat Tokit, 
and Tee Boon Tuan. "Computational Fluid Dynamics Study of Wake Recovery for Flow Across Hydrokinetic Turbine 
at Different Depth of Water." CFD Letters 13, no. 2 (2021): 62-76. https://doi.org/10.37934/cfdl.13.2.6276  

[8] Yuliantoro, Reza Dwi. "Analisis Laju Aliran Pada Pipa Bercabang Dengan Sudut 90°." Jurnal Teknik Mesin (2017). 

0,00E+00

2,00E+03

4,00E+03

6,00E+03

8,00E+03

1,00E+04

1,20E+04

0 5 10 15 20 25

M
ax

 E
ro

si
o

n
 R

at
e 

(m
m

/y
)

Velocity (m/s) R1 R2

https://doi.org/10.37934/cfdl.13.3.5871
https://doi.org/10.37934/cfdl.13.1.8495
https://doi.org/10.37934/cfdl.13.2.6276


 Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 97, Issue 2 (2022) XX-XX 

27 
 

[9] Chen, Xianghui, Brenton S. McLaury, and Siamack A. Shirazi. "Application and experimental validation of a 
computational fluid dynamics (CFD)-based erosion prediction model in elbows and plugged tees." Computers & 
Fluids 33, no. 10 (2004): 1251-1272. https://doi.org/10.1016/j.compfluid.2004.02.003  

[10] Zahedi, Peyman, Mazdak Parsi, Alireza Asgharpour, Brenton S. McLaury, and Siamack A. Shirazi. "Experimental 
investigation of sand particle erosion in a 90° elbow in annular two-phase flows." Wear 438-439 (2019): 203048. 
https://doi.org/10.1016/j.wear.2019.203048  

[11] Verma, Rajeshwar, Vijay K. Agarwal, R. K. Pandey, and Piyush Gupta. "Erosive wear reduction for safe and reliable 
pneumatic conveying systems: review and future directions." Life cycle reliability and Safety Engineering 7, no. 3 
(2018): 193-214. https://doi.org/10.1007/s41872-018-0055-7  

[12] Shamshirband, Shahaboddin, Amir Malvandi, Arash Karimipour, Marjan Goodarzi, Masoud Afrand, Dalibor 
Petković, Mahidzal Dahari, and Naghmeh Mahmoodian. "Performance investigation of micro-and nano-sized 
particle erosion in a 90° elbow using an ANFIS model." Powder Technology 284 (2015): 336-343. 
https://doi.org/10.1016/j.powtec.2015.06.073  

[13] Vieira, Ronald E., Amir Mansouri, Brenton S. McLaury, and Siamack A. Shirazi. "Experimental and computational 
study of erosion in elbows due to sand particles in air flow." Powder Technology 288 (2016): 339-353. 
https://doi.org/10.1016/j.powtec.2015.11.028  

[14] Kopp, Otto C. "Subbituminous coal." Encyclopedia Britannica. September 13, 2019. 
[15] Mohamed, Wan Mazlina Wan, Nirresh Prabu Ravindran, and Parvathy Rajendran. "A CFD Simulation on the 

Performance of Slotted Propeller Design for Various Airfoil Configurations." CFD Letters 13, no. 3 (2021): 43-57. 
https://doi.org/10.37934/cfdl.13.3.4357  

[16] Xu, Jingyuan, Zhanghua Lian, Jian Hu, and Min Luo. "Prediction of the Maximum Erosion Rate of Gas-Solid Two-
Phase Flow Pipelines." Energies 11, no. 10 (2018): 2773. https://doi.org/10.3390/en11102773  

[17] Yusof, Muhammad Akram Hakim, Zainal Zakaria, Aizuddin Supee, and Mohd Zamri Mohd Yusop. "Prediction of 
erosion rate in elbows for liquid-solid flow via computational fluid dynamics (CFD)." Applications of Modelling and 
Simulation 3, no. 1 (2019): 28-38. 

[18] Zhang, Y., E. P. Reuterfors, B. Sf McLaury, S. A. Shirazi, and E. F. Rybicki. "Comparison of computed and measured 
particle velocities and erosion in water and air flows." Wear 263, no. 1-6 (2007): 330-338. 
https://doi.org/10.1016/j.wear.2006.12.048  

https://doi.org/10.1016/j.compfluid.2004.02.003
https://doi.org/10.1016/j.wear.2019.203048
https://doi.org/10.1007/s41872-018-0055-7
https://doi.org/10.1016/j.powtec.2015.06.073
https://doi.org/10.1016/j.powtec.2015.11.028
https://doi.org/10.37934/cfdl.13.3.4357
https://doi.org/10.3390/en11102773
https://doi.org/10.1016/j.wear.2006.12.048




 
Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 97, Issue 2 (2022) 115-125 

 

115 
 

 

Journal of Advanced Research in Fluid      

Mechanics and Thermal Sciences 

 

Journal homepage: 
https://semarakilmu.com.my/journals/index.php/fluid_mechanics_thermal_sciences/index 

ISSN: 2289-7879 

 

Prediction of Erotion Rate in Two Elbows for Coal-Air Flow Based on 
Computational Fluid Dynamics Simulation 

 

Bayu Triwibowo1,, Heni Wahyu Widayanti1, Miftakhul Indra Rukmanasari1 

 
1 Department of Chemical Engineering, Faculty of Engineering, Universitas Negeri Semarang, Semarang, 50229, Indonesia 
  

ARTICLE INFO ABSTRACT 

Article history: 
Received 21 March 2022 
Received in revised form 3 June 2022 
Accepted 18 June 2022 
Available online 11 July 2022 

Corrosion is one of the problems cause the material fail, leaks in the equipment and pipe 
systems in the industry which caused distrub in productivity of production in industry. 
There are some ways to prediction erosion in pipes, with the conventional or manual and 
CFD. CFD is to prediction erosion in turbulent air flows with variations in coal particle size 
and velocity of flowing air. The results of prediction erotion based on CFD is numerical 
and graphic, by displayed numerical results into visual results. These results include about 
the velocity, pressure, and temperature distribution in the air flow. So, CFD can be used 
to prediction pipe because it has wide coverage and effective in display numerical and 
visual results. Discreate Phase Model is the model of CFD with a variable stream velocity 
of 10 m/s, 15 m/s, 20 m/s and a solid loading of 5%, 10%, 15%, 20%, 25%. From the 
results, the maximum erosion rates increased with increasing sizes of particles and 
stream velocities. However, the location of the maximum erosion rate in the elbows 
region was independent on those mentioned parameters. 
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1. Introduction 
 

Research on internal flow was started by a doctor from Germany in 1850, namely Julius Weisbach. 
He researched related pipes, which was then continued by Henry Darcy a French engineer in 1857. 
Henry Darcy conducted experiments on pipe flow and he found the theory of the effect of roughness 
on pipe resistance which is now known as the Darcy Weisbach equation. Then followed by Osborne 
Reynolds. He conducted experiments through his classic pipe in 1883 and then found a theory related 
to the importance of the Reynolds number in fluid flow [1]. 

Corrosion is one of the most common damages to piping systems due to the relative movement 
of corrosive materials with metal surfaces, relatively high flow rates and particles that will cause 
corrosion, and relatively slow flow rates will corrode [2]. The reason why corrosion must be predicted 
is that corrosion itself is one of the problems causing material failure, leaks in equipment and piping 
systems that exist in the industrial world which later if not addressed and left alone can disrupt 
productivity [3]. Most of the experimental studies that have been done previously are focused on 
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using water and air as working fluid. Recently, some of the researchers have started to utilise air as 
working fluid in pipe system [4]. Disturbance that can occur due to the content of sand in an air flow 
to a structure is erosion. Therefore, prediction of erosion is very important, especially in estimating 
the age of the tool in the piping system. Benefits in predicting accurate erosion especially at elbows 
can be used to improve pipe work design, inspection area, operating limits, and others. Corrosion 
that causes leaks in equipment will result in a lack of production to the cost of dealing with it. 
Therefore, a study of corrosion is very important, especially in estimating the age of equipment in a 
piping system. So far, in predicting the corrosion problem, we usually use manual calculation 
methods such as calculating flow velocity in pipes, reducers, valves, and elbows. However, this 
manual calculation tends to be more complicated, less accurate, and there is no modeling so that it 
is only a numerical calculation. In addition to manual calculations, CFD modeling can also be used. 
Computational Fluid Dynamics has overcome this difficulty as well as revolutionized the field of 
engineering. In CFD a problem is simulated in software and the transport equations associated with 
the problem is mathematically solved with computer assistance. Thus, we would be able to predict 
the results of a problem before experimentation [5]. The results of the CFD program can be in the 
form of numerical results, as well as graphical results, by displaying numerical results into visual 
results. The results are in the form of visual images of the physical geometry of the air flow with a 
choice of table forms from the processing results and other forms. This research was conducted to 
predict corrosion spots on pipe geometry, first of all the model must be able to accurately predict 
the corrosion distribution in a relatively simple geometry such as an elbow by using CFD to predict 
pipe corrosion with two elbows. Elbow is designed based on the characteristic’s method and the CFD 
method for various performance parameters analysis [6]. 

On the other hand, there is still no other publication found related to CFD studies with variation 
two elbows. So, there is a need to study the effects corrosion with two elbows using CFD method. It 
is often reported that CFD results supplements the experimental findings by showing results that is 
difficult to be measured and shown experimentally [7]. It must be admitted that often an engineer is 
only interested in the location and rate of erosion at the maximum point, which will always occur at 
the elbow wall in direct contact with the particles. However, many more complex situations occur 
where erosion occurs, such as an elbow, valve or fitting [8]. In that case the importance of this 
research is to predict the erosion spot in the pipe geometry, first of all the model must be able to 
accurately predict the erosion distribution in a relatively simple geometry such as an elbow by using 
CFD to predict pipe erosion with two elbows for the case. Multiphase both numerically and visually 
so that it can be a solution to productivity problems in the industry due to erosion. 
 
2. Methodology 
 

Process simulation software is software that functions to improve the performance and 
optimization of chemical processes. CFD is a numerical solution program (Finite Element Method) 
based on its visual simulation. In CFD, there is a Discrete Phase Model (DPM). Discrete Phase Model 
is applied to express the interaction between particles and turbulence. This model assumes that the 
particles pass through the turbulent flow structure present in the flow. 
 
2.1 Research Design 
 

This study uses a pipe with two elbows with the phase flowing in it is air and the existing particles 
are coal, for the design used as the object of erosion simulation as follows as in Figure 1. 
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Fig. 1. Pipe with two elbows 

 
Stream velocity affects the erosion rate and the maximum erosion rate occurred at the centre 

area of the elbow section due to the multiple impingements of one particle effects. Further results 
by them also shows that maximum erosion rate occurred almost at the centre area of the elbow 
section when they varied the solid loading [9]. The solid loading is the number of suspended solids in 
a substance. Increase in stream velocity results in higher particles momentum produced and lead to 
the higher erosion rate [10,11]. This occurs since the impinging particles must pass through a larger 
stagnation region and thus allowing extra time for the particles to decelerate [12]. Bigger solid 
loading results in larger erosion and different fluid types may cause in different erosion effects. 
Despite a lot of research reported on the erosion prediction for the elbow’s component in pipeline, 
however, there is still lack of information on the prediction based on the stream velocity in two 
elbows. 

In this research, CFD was applied to numerically predict erosion rate in elbows for a broad range 
of liquid/solid particles flow conditions. The elbows were tested under three different flow conditions 
named as stream velocity (10-20 m/s) and solid loading (5%-25%). Each flow conditions consist of five 
different sets of values and the results are presented in the form of maximum erosion rate graphs 
and visual illustration of erosion rate surface contours. 
 
2.2 Material and Particle Specifications 
 

The materials used in this research are low quality coal and air as an oxidizer as shown in Table 1. 
 

Table 1 
Air and Coal Properties 
Air and Coal 

Air Density 1.225 kg/m3 
Coal Density 1.200 kg/m3 
Type Sub-bituminous 

 

Subbituminous coal, also called black lignite, generally dark brown to black coal, intermediate in 
rank between lignite and bituminous coal according to the coal classification used in the United States 
and Canada. Between lignite and bituminous coal according to the coal classification used in the 
United States and Canada. In many countries subbituminous coal is considered to be a brown coal. 
Subbituminous coal contains 42 to 52 percent carbon (on a dry, ash-free basis) and has calorific values 
ranging from about 19 to 26 megajoules per kilogram (about 8,200 to 11,200 British thermal units 
per pound) [13]. Subbituminous coal is characterized by greater compaction than lignites as well as 
greater brightness and lustre. The woody structure characteristic of most lignite is absent from 
subbituminous coal, which often exhibits alternating dull and bright maceral bands composed of 
vitrinite in patterns similar to those found in bituminous coals. Some subbituminous coal is 
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macroscopically indistinguishable from bituminous coal. Subbituminous coal contains less water 
(typically 10 to 25 percent) and is harder than lignite, making it easier to transport, store, and use 
[13,14]. So, that the reasons why in this research use subbituminous coal. 
 
3. Results and Discussion 
 

Two parameters were changed to demonstrate their influence on erosion rate of the elbows 
component. The two parameters were variable stream velocity of 10 m/s, 15 m/s, 20 m/s and a solid 
loading of 5%, 10%, 15%, 20%, 25%. The Reynolds number was range from 5,11x107 to 1,08x108. 
Reynolds number determines the pattern of fluid flow in different situations, investigated both 
numerically and experimentally the elbows section's performance affected by Reynolds number [15]. 
During the simulation, other parameters were kept constant for each tested flow conditions. The 
effects of flow conditions stream velocity and elbows diameter on erosion rate of the elbows 
component are presented in the form of maximum erosion rate graphs and visual illustration of 
erosion rate surface contours. 
 
3.1 Effects of Flow Conditions Stream Velocity 10 m/s with Reynold Number 5,11x107 
 

Erotion rate surface contours for the particles diameter 100 µm. Solid loading of 5%, 10%, 15%, 
20%, 25% show maximum erosion rate occurred in two locations of maximum erosion rate observed 
and it is located of the section first elbow are depicted in Figure 2 and second elbow are depicted in 
Figure 3. In addition, particle with solid loading 25% indicates clear impingement at the inlet section 
of elbows compared to other solid loading. This might be due to the smaller size of particles which is 
lightweight and easier to deviate from streamline at the entrance region of the elbow. After multiple 
impingements at the entrance region of the elbow, the deviated particles then follow the streamline 
again and strikes the turn region of the elbow. 

Figure 4 shows the maximum erosion rate that occurs at the first and second elbow with this flow 
conditions. The maximum erosion rate is influenced by the increase in stream velocity and solid 
loading. Solid loading is the mass flow rate of particles in percent. The relationship about solid loading 
and maximum erotion rate in Figure 4, shows that the higher of the solid loading, the higher the 
maximum erotion rate. This is because, the larger of solid loading leads to higher kinetic energy 
therefore, so it will produce larger or deeper indentations in the elbow wall. The larger or deeper the 
indentation in the elbow, the greater the amount of material flowing or the higher the maximum 
erosion rate [16]. In this condition, 25% of solid loading produces the highest maximum erotion rate 
compared to the other. 
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Fig. 2. Erosion rate surface contour in first elbow (kg/m2.s) for 10 m/s stream velocity 

 

   
 

  
Fig. 3. Erosion rate surface contour in second elbow (kg/m2.s) for 10 m/s stream velocity 
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Fig. 4. Maximum erosion rate (kg/m2.s) for various 
loading station (%) 

 
3.2 Effects of Flow Conditions Stream Velocity 15 m/s with Reynold Number 7,67x107 
 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 15 
m/s. Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations 
of maximum erosion rate observed and it is located of the section first elbow are depicted in Figure 
5 and second elbow are depicted in Figure 6. In addition, particle with solid loading 25% indicates 
clear impingement at the inlet section of elbows compared to other solid loading. 
 

   
 

  
Fig. 5. Erosion rate surface contour in first elbow (kg/m2.s) for 15 m/s stream velocity 
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Fig. 6. Erosion rate surface contour in second elbow (kg/m2.s) for 15 m/s stream velocity 

 
The relationship about solid loading and maximum erotion rate in Figure 7, shows that the higher 

of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid loading 
leads to higher kinetic energy therefore, so it will produce larger or deeper indentations in the elbow 
wall. The larger or deeper the indentation in the elbow, the greater the amount of material flowing 
or the higher the maximum erosion rate [16]. In the stream velocity of 15 m/s as shown in Figure 7 
produce surface contours is deeper with maximum erosion rates compared to stream velocity of 10 
m/s. 
 

 
Fig. 7. Maximum erosion rate (kg/m2.s) for various 
loading station (%) 

 
3.3 Effects of Flow Conditions Stream Velocity 20 m/s with Reynold Number 1,08x108 
 

Erotion rate surface contours for the particles diameter 100 µm in conditions stream velocity 20 
m/s. Solid loading of 5%, 10%, 15%, 20%, 25% show maximum erosion rate occurred in two locations 
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of maximum erosion rate observed and it is located of the section first elbow are depicted in Figure 
8 and second elbow are depicted in Figure 9. In addition, particle with solid loading 25% indicates 
clear impingement at the inlet section of elbows compared to other solid loading. 
 

   
 

  
Fig. 8. Erosion rate surface contour in first elbow (kg/m2.s) for 20 m/s stream velocity 

 

   
 

  
Fig. 9. Erosion rate surface contour in second elbow (kg/m2.s) for 20 m/s stream velocity 
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The relationship about solid loading and maximum erotion rate in Figure 10, shows that the 
higher of the solid loading, the higher the maximum erotion rate. This is because, the larger of solid 
loading leads to higher kinetic energy therefore, so it will produce larger or deeper indentations in 
the elbow wall. The larger or deeper the indentation in the elbow, the greater the amount of material 
flowing or the higher the maximum erosion rate [16]. In the stream velocity of 20 m/s as shown in 
Figure 7 produce surface contours is deepest with maximum erosion rates compared to stream 
velocity of 10 m/s and 15 m/s. 
 

 
Fig. 10. Maximum erosion rate (kg/m2.s) for 
various loading station (%) 

 
3.4 Effects of Stream Velocity Vs Maximum Erotion Rate 
 

All of stream velocity show similarity in terms of the location of the maximum erotion rate that 
occurs in the exit area of elbow. This is due to the effect of gravity when the flow moves towards the 
elbow bend. The increasing of stream velocity causes increase of the maximum erosion rate [16]. At 
high stream velocity, the inertial momentum of the particles and fluid will be increase and the impact 
between the particles with the elbow wall will be increase. Therefore, a flow velocity of 20 m/s as 
shown in Figure 9 to generate in a surface contour of a severe maximum erosion rate compared to 
other stream velocity. This result is in accordance with theory that the maximum erotion rate is 
directly proportional to stream velocity. In this condition, the increase of the flow rate an increase in 
the fluid stream velocity which in increases the stream velocity of the particles impact the elbow wall 
[17]. This situation is in accordance with research that the increase in flow stream velocity causes the 
particle transport capacity by the air to increase and increases the kinetic energy of the particles so 
that the touch pressure is greater on the inner wall of the pipe [18]. From the Figure 11 the effect of 
stream velocity of fluid on the maximum erotion rate, it can be seen that the higher the stream 
velocity, the greater the difference in the maximum erotion rate. This indicates that the application 
of the erotion model in a simulation is dependent on the stream velocity is used. 
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Fig. 11. Stream velocity (m/s) for maximum erosion rate 
(mm/y) 

 
4. Conclusions 
 

Based on the CFD method used in this study, erosion in elbow is predicted using numerical 
simulation. The 2 elbows are used with air as fluid system and coal as particles system. The model of 
CFD with a variable stream velocity of 10 m/s, 15 m/s, 20 m/s and a solid loading of 5%, 10%, 15%, 
20%, 25%. From these results, the following conclusions can be drawn, that the location of maximum 
erotion rate in the elbow is weakly influenced by flow parameters including stream velocity and solid 
loading. Solid loading and stream velocity are directly proportional to the maximum erotion rate. 
Higher velocity results in rapid collision between particles and the wall of the elbows and bigger solid 
loading will cause in deeper indentations on the wall of elbows. As a consequence, higher maximum 
erotion rate will be produced. 
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