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Abstract
A CFD program FLUENT has been used to model the erosion-corrosion interactions in aqueous conditions for an elbow bend in a carbon steel pipe.  Plots of various erosion models were developed in FLUENT and compared to mathematical predictions.  Following verification with previous work, the FLUENT models were compared to each other over a variety of different parameter spaces.  A corrosion model was then introduced which demonstrated the interaction between the mechanical and chemical degradation.  Finally, the combined model was used to demonstrate the wastage experienced in the pipe at a range of flow temperatures.  


Nomenclature
ba	Anode Tafel slope					V decade-1
bc	Cathode Tafel slope					V decade-1
Ck	Cutting characteristic velocity			ms-1
Cp	Specific heat capacity					J kg-1 K-1
dp	Particle diameter					m
Dk	Modified deformation characteristic velocity	ms-1
e	Coefficient of restitution				Dimensionless
Ef	Deformation erosion factor				Jm-3
E	Dimensionless erosion rate
Eap	Applied potential, relative to saturated calomel 	V(SCE)
	electrode
Ee	Elastic modulus of collision 				Pa
E0	Standard reversible equilibrium potential		V(SCE)
Ep	Young’s modulus of particle				Nm-2
Epas	Passivation potential 					V(SHE)
Et	Young’s modulus of target				Nm-2
 	Proportion of particles impacting surface 		Dimensionless
in idealised manner 
Fr	Faradays constant					C mol-1
f(t)	Numerical constant					Dimensionless
h	Thickness of oxide layer				m	
h0	Initial thickness of oxide layer			m
Hs	Static hardness of target 				Pa
ianet 	Net anodic current density				A m-2
i0	Exchange current density				A m-2
Kc	Corrosion rate						kg m-2 s-1
K2	Metal to its oxide molecular mass ratio		Dimensionless
mp	Mass of particles					kg
Mt	Total erosion rate by single impact particle		kg impact-1
n	Empirical constant					2
nf	Velocity ratio exponent				2.54
nc	Strain hardening coefficient				Dimensionless
qp	Poisson’s ratio of particle				Dimensionless
qt	Poisson’s ratio of target				Dimensionless
RAM	Relative atomic mass					
Rf	Roundness factor for particle				Dimensionless
rp	Particle radius						m
Tm	Target melting temperature 				K
	Particle impact Velocity				ms-1
VK	Threshold deformation velocity			ms-1
Vtp	Threshold  cutting velocity				ms-1
  Erosion rate						m3imp-1
Y	Yield stress of target					Nm-2
zm	Number of electrons
α	Impact angle 						Degrees
α0	Transition impingement angle			Degrees
ε	Deformation wear factor				Pa
 	Ratio of the vertical to horizontal forces 		Dimensionless
λ	Particle shape factor					Dimensionless
μf   	Friction coefficient					Dimensionless
μf,c	Critical friction coefficient				Dimensionless
π	Pi Ratio						Dimensionless
ρ	Density of the target material 			kgm-3
ρf	Density of oxide film					kgm-3
ρp	Density of particle					kgm-3
	Cutting wear factor					Pa
  	Ratio of the length of contact between the		Dimensionless
	particle and surface to the depth of cut 		
	
1. Introduction
Erosion-corrosion is a major material loss mechanism in the oil and gas industry.  In such cases, prediction of wear is approached with difficulty because of the large numbers of variables involved. In addition, there is inevitably some uncertainty about the models of erosion and corrosion which can be reliably used to predict  material wastage for specific exposure conditions[1-7].
Progress in the understanding of erosion-corrosion has been achieved by describing regimes of wastage, defining conditions where mechanical wear or chemical degradation dominate the wastage process.  However, up to recently, such regimes were constructed in a 2-d space, whereas erosion-corrosion in “real-life” situations invariably occurs in 3 dimensions.
This paper considers three erosion models within a CFD code developed to simulate erosion-corrosion in a 3 d space.  The model results are compared and some conclusions are drawn on their potential application. Predictions on effect of temperature during the erosion-corrosion process are also evaluated using this approach.     
	















Figure1-   Example of erosion-corrosion degradation found in the oil and gas industry [1]
                 
Erosion-corrosion is particularly relevant to the oil and gas industry (Figure 1) and takes place due to the harsh natural working conditions. This work has involved the use of computational fluid dynamics to predict the rate of wastage in pipes for different flow conditions. 
2. Methodology
2.1. Current erosion models
There have been several approaches to modelling erosion by solid particles.  Some of these approaches are indicated below. 
2.1.1. Finnie’s erosion model’s [2, 3]



The coefficient of restitution (e) also used in Sundararajan’s models: 

where,

2.1.2 Neilson and Gilchrist’s erosion model [4, 5] 


where,


2.1.3. Sundararajan’s erosion Models [3, 6]




where, 


2.1.4. Forder’s Erosion Model [5, 7]




2.2. Erosion-corrosion [5, 8]
Erosion is often accompanied by corrosion. In many cases material wastage due to erosion-corrosion cannot simply be thought of as the sum of wastage from the individual processes. Corrosion can enhance the erosion rate (synergistic effect) and can also restrict erosion due to the creation of the passive film (antagonistic effect). For this work however, these two processes have been ignored for simplification.
When erosion and corrosion are present together, erosion can lead to the removal of the protective passive film (additive effect) which has been considered in this work. 
In the dissolution area being considered, the corrosion rate (kgm-2s-1) is given by the equation:

where

The mass of the passive film removed per impact (g impact-1) is given by the equation:

h is the thickness of the passive layer and is worked out from

Erosion-corrosion is given by four classifications, which are sub-divided in terms of the ratio of corrosion rate to the erosion rate:




The wastage process can be further sub-divided into another three classifications as follows: 




3. Results 
A single elbow pipe of bore diameter 0.078m, with bend radius to pipe bore diameter ratio RD-1 of 1.2 was looked at to be consistent with previous work [5, 9]. The system was looked at for a variety of situations using two previously developed UDFs.  
3.1. Creation of mesh  
A variety of meshes were created (very coarse, coarse, fine, very fine) using the Gambit program and were compared to each other. The finest mesh would obviously have yielded the most accurate results but it would have also involved the most computational effort and therefore time. 
Iso-surfaces of the pipe mid plane showing velocity contours produced very little difference between the four meshes. The Fluent rake tool was used to produce velocity profile plots for four sections of the pipe. The positions of the rakes can be seen in Figure 2.
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Figure 2- Rake positions




The rake information was exported to Excel, where Rakes 1,2 and 3 showed very similar velocity profiles for the meshes. For these rakes the only noticeably result came from the very coarse mesh. 
	


Figure 3- Comparison of meshes for rake position 4

Rake 4 (Figure 3) produced the most varied results. A decision was made to use the coarse mesh as it produced results very close to that of the finer meshes for three of the four rakes. The fourth rake was more varied but the coarse mesh produced similar results to that of the fine mesh. The coarse mesh would take less time for simulations compared to the finer meshes.



3.2. Modelling various erosion models in Fluent [5,10]
Fluent was run for a flow of water and sand particles. A flow velocity 3m/s, particle size 1mm, and particle mass flow rate of 3.84kg/s was used as had been used in previous work [5,9]. 
In this case (for low volume fraction) the Euler-Lagrange approach was used for calculating the multiphase flow. With this, the fluid phase is treated as a continuum and is solved by the time averaged Navier-Stokes equations. The discrete phase model DPM was used to track each particle. Each particle exchanges momentum, mass and energy with the fluid phase in a two-way coupling. With the volume fraction of sand being less than 10%, Fluent used dilute volume loading in which particle-particle interactions are ignored.

3.2.1 Contour plots of erosion
Contour plots were obtained for the erosion rates which represented the erosion models discussed above.  The plots shown for the various erosion models (Figures 4-7) show the pipe cut open as to show its interior. The plots show the outer bend of the pipe where the majority of the erosion was occurring. The flow is in the positive x direction as represented by the axis.

Figure 4-Finnie’s Second Erosion Model


Figure 5- Neilson and Gilchrist’s Erosion Model

Figure 6- Sundararajan’s Second Erosion Model


Figure 7- Forder’s Erosion Model
The scale was kept to the same range as to allow a visual comparison. It can be seen that the majority of the erosion takes place on the bend for each model as was expected. Table 1 shows the maximum and average predicted erosion which is difficult to see from the contour plots.
	Erosion model
	Maximum predicted erosion (x10-17m3 imp-1)
	Average predicted  erosion (x10-18m3imp-1)

	Finnie’s 2nd
	4.67
	1.20

	Nielson and Gilchrist’s
	11.00
	2.68

	Sundararajan’s 2nd
	7.20
	1.80

	Forder’s
	8.37
	1.61


Table 1- Table of maximum and average erosion for Fluent models

Comparing the Fluent results to previous fluent results and to experimental results [5,9] it can be seen that Fluent under-predicts the erosion (Figure 8). Each model predicts approximately one third of the predicted erosion from previous work. The previous work being considered had been verified against experimental data[9]. 
Finnie’s, Sundararajan’s and Forder’s models all predicted similar erosion rates as predicted by the graphical plots of their models (Figure 9). For the elbow bend being considered above, the average predicted impact angles are 7.5 to 10˚. The erosion predicted in this range was close for each of the models, with Finnie’s predicting the lowest, followed by Forder’s and finally Sundararajan’s. This was consistent with Figure 8.






Average Erosion Rates x10-18 (m3 imp-1)

Figure 8- Comparison of Fluent results to models and experimental result


Erosion rates for varying impact angles x10-17(m3imp-1)

Figure 9- Erosion plots for above equations of erosion models


3.2.2. Varying flow velocity from 3m/s to 10m/s
The models of Finnie, Sundararajan and Forder were compared to each other for varying flow velocity.
Table 2 shows the changes in the average predicted erosion for the three erosion models. The models all showed a significant erosion increase for the increase in flow velocity. Finnie’s and Sundararajan’s models showed similar increases with erosion being 35-45 times higher than at 3ms-1. Forder's model however, showed erosion increasing to a level of almost 90 times higher than at 3ms-1. 
	Erosion model
	Erosion 3ms-1(m3imp-1)
	Erosion 10ms-1 (m3imp-1)

	Finnie’s 2nd
	1.20x10-18
	5.36x10-17

	Sundararajan’s 2nd
	1.80x10-18
	6.43x10-17

	Forder’s
	1.61x10-18
	1.40x10-16


Table 2- Comparison of erosion rates for different velocities

3.2.3. Changing Shape factor and roundness factor
Sundararajan’s and Forder’s models allow the shape of the particle to be changed.  
Changing Sundararajan’s shape factor from 0 (sphere) to 0.5 (sharp particle) was equivalent to changing Forder’s roundness factor from 0.5 to 1. The results can be seen in Table 3.
	
Erosion model
	Maximum erosion λ=0,rf=0.5
(m3imp-1)
	Maximum  erosion λ=0.5,rf=1
(m3imp-1)
	Average erosion λ=0,rf=0.5
(m3imp-1)
	Average erosion λ=0.5,rf=1
(m3imp-1)

	Sundararajan’s 2nd
	7.2x10-17
	7.15x10-17
	1.80x10-18
	1.79x10-18

	Forder’s
	8.37x10-17
	4.91x10-17
	1.61x10-18
	9.45x10-19


Table 3- Shape factor and roundness factor changes 
The erosion drops in each of the cases, as was expected from the models. However, there was a significant difference in the reduction in the erosion rate for the different models. Changing the shape factor in Sundararajan’s model produced very little difference in the maximum or average erosion predicted by Fluent. 
On the other hand, Forder’s model showed a significant difference when the   roundness factor was changed. The maximum predicted erosion fell by 41% and the average erosion fell by a similar amount.

3.3 Erosion –corrosion modelling
A previously created UDF which incorporated Sundararajan’s 2nd erosion model [6] with a corrosion model [5] was used along with Fluent to create a variety of contour plots. The plots included transition areas between the erosion-corrosion regimes. Plots were also created for the wastage experienced due to the combination of erosion and corrosion.
Corrosion behaves in very different ways for differing pH and differing applied potential. The Pourbaix diagram for Iron, which shows the transition areas, can be seen below (Figure 10)[11]. 

Figure 10- Pourbaix diagram for Iron
In the case being looked at, a PH of 5 was chosen along with an EMF of 0V. This meant the corrosion was in the dissolution phase and would show the worst case for material wastage.

3.3.1 Erosion-corrosion regimes
Two types of plots were created for a range of temperatures (298, 308, 318, 328K). The first style of plot was the ratio of kc/ke which showed the transition between the regimes for the range of temperatures (Figure 11). 
The plot showed that erosion dissolution was the main form of material deterioration for a temperature of 298K. A small part of the bend, for each of the temperatures, was dominated by erosion where corrosion is not getting enough time to take place due to constant impacts from particles. Small parts of corrosion dominated areas (in yellow) can be seen where pitting corrosion was occurring. 

Figure 11- Plot of ratio kc/ke for temperature of 25˚C
There was very little visible difference between the plots for the rise in temperature because the rise was relatively small. 
Table 4 below shows how the maximum and average kc/ke ratios differed for the change in temperatures.
	Temperature (K)
	Maximum predicted Kc/ke
	Average Kc/ke

	298
	4.78
	0.172

	308
	3.05
	0.168

	318
	2.76
	0.159

	328
	3.86
	0.163


Table 4- Maximum and average predicted Kc/ke ratio for the range of temperatures
Corrosion is usually expected to rise for increasing temperature, but in this case,  the small increase in temperature has little effect on corrosion and, in fact, the ratio drops up to 318k. This was probably down to the fact that the density and viscosity of the water was decreasing, meaning that the sand particles would have more kinetic energy, and which would lead to more erosion. 
At 328K the ratio began to rise again which suggested that, at this temperature, the corrosion was beginning to be noticeably affected by the increase in temperature.

3.3.2 Wastage plots
The wastage plots for the range of temperatures showed a high wastage of more than 10mm per year for parts of all four plots. The majority of this high wastage was experienced on the pipe bend due to the erosion-dissolution and pure erosion, as predicted by the four previous plots. Some pitting was also experienced in each of the four plots which also caused areas of high wastage. The plot for 298K can be seen in figure 12.
Again there was very little visual difference between the plots. Table 5 shows the exact values. 

Figure 12- Plot of wastage for temperature of 25˚C

	Temperature (K)
	Maximum wastage
 (mm year-1)
	Average wastage
 (mm year-1)

	298
	81.21
	3.85

	308
	69.15
	3.54

	318
	71.89
	3.42

	328
	71.38
	3.30


Table 5-  Maximum and average wastage for the range of temperatures
The table shows no trend for the maximum wastage occurring for increasing temperature. The average wastage however, showed a decreasing trend for the increase in temperature. At higher temperatures this was surprising  with the rise in temperature expected to enhance corrosion. For this relatively small temperature increase, corrosion is not noticeable enhanced. As discussed above, the rise in temperature can affect the properties of the water considerably, leading to a rise in erosion which in turn, restricts any effect of temperature increase on the  corrosion process. 


4. Discussion
In this work, the predictions of the models of Finnie, Sundararajan and Forder were evaluated in a CFD code and showed significant differences for changes in parameters.  This highlights the importance of knowing the exact flow conditions if reasonable wastage predictions are to be made. 
The limitations of the individual models highlighted indicates that the application  of the models may vary significantly.  For example, Finnie’s model is unable to account for different particle shapes and both the models of Finnie and Forder model are unable to include temperature changes. 
Finnie’s model is applicable where the average impact angles are between 7.5 and 10˚. If the impact angles were to be higher than this (as in the case for different pipe configurations) this model would be expected to greatly under-predict the erosion, as can be seen from Figure 9.
With the shape factor changes exhibiting different trends between the models of Sundararajan and Forder, further work should be carried out to investigate the reasons for such differences.  
The erosion-corrosion plots showed that there was a variety of wastage regimes present for the conditions modelled. The effect of temperature as shown above may be affected by small changes in both the properties of the aqueous medium and the material under impact.  This outlines the complexity of the situation being considered in the modelling work above. 
A limitation in the erosion-corrosion model was that there was no interaction modelled between the two processes. The two wastage regimes were assumed to be additive which as previously discussed, is a simplified way of considering the regimes. The situation where corrosion may enhance or inhibit the erosion process (synergism or antagonism) and incorporating more variables into the model will be addressed in further work.

5. Conclusions
· A CFD programme Fluent has been used along with previously developed UDFs to model erosion-corrosion interactions in a pipe elbow bend.
· Various erosion model predictions from the literature were compared using this analysis.
· The results indicated that some of the differences in the model predictions arose from the dependence on the various parameters in the models developed. 
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