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Abstract. Erosion corrosion is a common problem that affects boiler tubes, particularly those in 
power plants and industrial settings where hard water and abrasive particles are present in the flow. 
These particles can cause physical erosion to the surface of the tubes, which can then lead to further 
corrosion. This type of corrosion is often accelerated by the high temperatures and pressures 
present in a boiler system, as well as the presence of oxygen. The combination of physical erosion 
and chemical corrosion attack can cause significant damage to the tubes, reducing their ability to 
efficiently transfer heat and potentially leading to system failure. Therefore, it is important to 
predict rates of erosion to prevent costly and potentially dangerous failures.  The focus of this 
paper is an investigation into the effects of erosion caused by hard water particles on a carbon steel 
boiler tube elbow (ANSI 16.9). A semi-empirical procedure, which considers properties of the 
material and flow parameters, is developed for predicting erosion rates. The study revealed that 
the primary erosion damage occurred on the extrados of the bend. The findings indicated that 
particles within the flow began to separate from the front wall surface, resulting in significant 
erosion along the lateral sides. The disappearance of erosion from the front surface of the bend 
was also consistent with the erosion patters observed on the eroded pipe sample, which was 
extracted from the line. Moreover, it was demonstrated the presence of two different erosion 
patterns in the separation region, which matched qualitatively the erosion pattern observed on the 
sample wall. 
Introduction   
The phenomenon of erosion, or sometimes, erosion-corrosion in metals is defined as the synergic 
effect of surface degradation of metals caused by moving corrosive fluids containing erosive 
undissolved solid particle. Erosion in pipes can be also related to the effect cavitation [1 – 3]. 
Typically, the high velocity of the fluid containing hard particles induces mechanical wear and 
abrasion effects, leading to a rapid decay of the metallic surfaces. Additionally, this form of 
erosion-corrosion effect can be caused by turbulent flow regime at localized site, often due to 
disruption in the steady flow pattern, such as a flow-directional change at a bend or a mechanical 
obstacle in a pipe. The complex phenomenon of erosion-corrosion in steels impacts multiple 
industrial sectors, including but not limited to water injection systems, boilers, oil and gas 
pipelines, the nuclear power generation sector, slurry transportation (hydrotransport), etc. [4 – 7] 
Understanding the underlying causes and mechanisms of erosion corrosion is essential for 
industries that rely on the proper functioning of equipment and infrastructure, as it can help prevent 
costly and potentially catastrophic accidents.  

Various methods are employed to predict the rates, locations, and patterns of erosion-corrosion. 
In [8] Computational Fluid Dynamics (CFD) simulations of a laminar flow with solid particles 
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were performed for erosion prediction in 90° elbow. The main goal of this research was to study 
how different dimensions of sand affect tube corrosion depending on the different aperture of the 
valve during water flow with solid particles. It was shown that the erosion rate of a pipe elbow 
when water flows through a valve opening that is conditioned by specific angles (15°, 30°, 45°, 
and 90°) and injected with particles of varying sizes can exhibit various different scenarios. It has 
been concluded that a decrease in moving undissolved solid particle size leads to a decrease in 
erosion rate. Medium-sized particles reduce erosion rate by approximately twice as much as larger 
particles and ten times as much as smaller particles.  In [9], the effect of different parameters such 
as particles size, stream velocities and elbows diameter on the erosion rate for an elbow in light 
crude oil-solid flow was studied. Three distinct models were used in this study: continuous flow 
modeling, Lagrangian particle tracking, and an empirical erosion equation. The parameter ranges 
evaluated were particle size of 100-500 μm, stream velocities of 3-7 m/s, and elbow diameters of 
0.0762-0.1778 m. The numerical results showed that the highest erosion rate increases with bigger 
particle size and stream velocities, but decreased with increasing elbow bending radius. However, 
the position of the peak erosion rate in the elbow area was unaffected by these factors. In [10] a 
new erosion model, which is referred to as SIEM (shear impact energy model), is used to 
investigate elbow erosion under different working conditions using numerical simulations. The 
fluid motions are predicted by CFD, and the particle movements are calculated using DEM 
(discrete element method) in the simulations. Both a one-way coupling method and a two-way 
coupling method in CFD-DEM are adopted to calculate the gas-solid interaction. Experiments 
were carried out in [11] with flows comprising of water, air, and sand particles having an average 
diameter of 300 µm, as well as liquid-sand flows. Wall thickness losses were measured at 63 
locations on the outer radius of elbows, across various flow conditions. To explore different flow 
regimes, Computational Fluid Dynamics (CFD) simulations were conducted using the Euler-
Lagrange approach to model turbulence, and the Eulerian Multiphase model to handle multiphase 
flow scenarios. The Reynolds Stress Model (RSM) was also implemented in the simulations as a 
turbulence model. The results showed that the maximum erosion increased with increasing mixture 
velocity. The CFD simulations using the Euler-Lagrange and Euler-Euler-Lagrange approaches 
accurately predicted the observed maximum erosion rates, erosion locations, and erosion patterns 
for liquid-sand and dispersed-bubble-sand flows. A numerical study was conducted in [12], to 
estimate the erosion of solid particles in angle-cutting elbows (ACEs) where there is a flow of gas 
and solid particles. The simulation models used a combination of the two-way coupled Eulerian-
Lagrangian approach and the E/CRC model, along with particle-wall rebound models and a user-
defined function in the dispersed phase model. The accuracy of the simulation results was tested 
by comparing them with previously reported experimental results. The study's outcomes revealed 
that significant erosion occurs in the downstream section of the concave wall of the ACE, while 
only minor erosion occurs on the convex wall of the ACE.  In [13], a new approach for modeling 
erosion and corrosion in hydrocarbon pipes using Computational Fluid Dynamics (CFD) has been 
introduced. This approach was based on high-order Discontinuous Galerkin Spectral Element 
Method (DGSEM) to approximate the incompressible Navier-Stokes/Cahn-Hilliard model. This 
technique enables a highly detailed three-dimensional representation of the flow regime, phases 
distribution, and contact surfaces within the pipe, resulting in precise calculations of erosion and 
corrosion rates and their distribution over the pipeline surface. The effectiveness of this 
methodology has been verified with experiments relevant to the oil and gas industry, specifically, 
by simulating erosion in a one-phase ascending pipe with two elbows and corrosion in a two-phase 
pipe under various flow regimes. In [14], a process has been developed to forecast erosion rates in 
pipe elbows and tees, for use in estimating safe operating conditions and velocities during oil and 
gas production in the presence of sand. The procedure introduces a new concept that enables the 
calculation of erosion rates for different pipe geometries. It establishes a connection between the 
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erosion rate and the impact velocity of sand particles on a pipe fitting wall based on empirical 
observations.  

In this paper we are studying the nature of erosion pattern in the sample of carbon steel boiler 
tube elbow (ASME/ANSI 16.9) using CFD numerical modeling. In the given sample description, 
it was stated, that the damaged occurred from the solid particles in the hard water flow at the 
average velocity of 5 m/s. Using numerical calculation in combination with material properties 
measurements and 3D scanning of the given sample we recreate erosion damage mechanisms. To 
the far of our knowledge such combination of numeric models and material and geometric 
measurements in the given geometry is not described in the literature and might be used in 
development of accurate semi-empirical procedures for erosion prediction and prevention.   
 

CFD Model  
Geometry and Mesh  
 

Figure 1. Geometry and location of extracted pipe sample 
  

Figure 1 displays the geometry employed for CFD modeling. Additionally, it shows the flow 
direction and illustrates the position of the extracted sample from the eroded pipe, which was 
analyzed in this study. 

Figure 2 shows the mesh structure. In the mesh independence analysis, mesh adaptation was 
used, which utilizes the simulation results to iteratively enhance the mesh structure. This process 
generates a mesh that is tailored to the specific simulation, with finer mesh elements in regions 
with high gradients and coarser elements elsewhere (Figure 2d). The total number of elements in 
the final 3D mesh was 987,201 (when the change in average velocity and pressure between the 
cycles was less than 1.5%)   
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Figure 2. Pipe section. Mesh structure. (a) Initial mesh, (b) Final refined mesh based on mesh 
adaptation (red square shows zoomed region in (d)), (c) 3D mesh structure, (d) Zoomed mesh 

region  
 
Turbulence model and boundary conditions.  
For the CFD analysis a RANS (Reynolds-averaged Navier–Stokes) RNG k–ε turbulence model 
was employed. This model was developed using re-normalization group (RNG) methods to re-
normalize the Navier–Stokes equations, thereby accounting for the impact of smaller scales in the 
flow [15],[16]. The RNG k-ε turbulence model is analogous in structure to the standard k-ε model 
and yields an analytical derivation of the model constants that differ from those in the standard 
model. Additionally, it introduces new terms in the transport equations for k and ε, allowing for 
more accurate predictions. The reduced dependence on empirical data and the incorporation of 
these additional terms make the RNG k-ε model more accurate for a wider range of flows than the 
standard k-ε model.  

The eddy viscosity and eddy conductivity are calculated as follows:  

𝜇𝜇𝑡𝑡 = 𝐶𝐶𝜇𝜇𝜌𝜌
𝐾𝐾2

𝜀𝜀
 ; 𝑘𝑘𝑡𝑡 = 𝜇𝜇𝑡𝑡𝐶𝐶𝑝𝑝

𝜎𝜎𝑡𝑡
 

 
where σt is a turbulent Prandt number, usually taken to be 1.0 and Cμ is an empirical constant. 

The momentum equations are transformed to wave-number space and re-normalization group 

(a) (b) 

(c) (d)
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theory is used to derive the equations for calculating eddy viscosity. The equation used for K 
(Turbulent Kinetic Energy) is:  
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The equation for ε (Turbulent Energy Dissipation) 
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C1 is calculated using the following expression: 
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Other constants were adjusted directly in the solver.  

We used velocity boundary condition on the inlet of the pipe and “Unknown” boundary 
condition on the outlet of the pipe. The Unknown boundary condition is a mixed Neumann-
Dirichlet-type (specified value) boundary condition applied to the pressure variable. It is 
implemented into the solution in a two-part process. During the matrix solution of the pressure 
equation, nodes assigned an Unknown boundary condition are treated as fixed or specified 
(Dirichlet) and after the matrix solution, the values on these nodes are re-calculated as the average 
of the neighboring values, effectively enforcing a zero gradient (Neumann) condition on the 
pressure equation (Figure 3).  
Autodesk CFD software package was used for all numerical calculations in the present study.  
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Figure 3. Boundary conditions 

 
 

Temperature affects were not studied in this paper and temperature was considered 20oC within 
computation domain.  
 
Erosion model 
Lagrangian particle tracking with the Edwards Model [17] is used to compute erosion. A low 
particle concentration assumption (not a slurry erosion model) is employed, and results are 
presented as a scalar result quantity. This facilitates design comparison, and removes the 
guesswork from interpreting erosion predictions. The erosion model uses angle of attack bounce 
data and the Brinell material hardness to compute the material volume removal rate. This approach 
qualitatively identifies areas subject to erosion. It illustrates the relationship between the flow and 
erosion trends, which can lead to erosion reduction through design improvements. Spherical 
particles were considered in this study with the radius of 0.36mm and density of 2750 kg/m3.  In 
order to accurately measure all geometrical parameters of the given sample and to identify its exact 
location in the elbow it was 3D scanned using the high-end HandySCAN 3D (BLACK Series) 3D 
scanner with the accuracy of 0.025mm and 0.1mm of mesh resolution. A pipe sample and a 
scanned 3D image with hardness measurements locations are shown in Figure 4.   
 

Figure 4.  (a) Eroded pipe, (b) 3D Scan of eroded pipe with shown hardness measurements 
locations. 

In order to include the surface hardness of the bend interior in the erosion simulation models, 
hardness measurements (indentations) were conducted using Rockwell Hardness Testing method 

(a) (b) 
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(HRB). 36 indentations were placed alongside the bend to represent its hardness map. 18 of these 
hardness indentations were placed in group of three at 15° angle increments at the bend’s intrados 
cross-section and their average values are shown in Table 1. The other 18 indentation were placed 
at the extrados cross-section of the bend (in group of three and at 15° angle increments as well) 
and their average per location is also shown in Table 1. 

For the Rockwell test, the test was carried out with a Mitutoyo, Model ARK-600 (Japan) 
Hardness Tester using 1/16” diameter tungsten carbide (WC). The applied load was set at 100 kg 
for duration of 8 seconds. 

The higher hardness values at the extrados were expected and are believed to be the result of 
work-hardening occurred during the bend process from pipe to elbow. 

It shall be noted that the CFD model used in this study uses Brinell hardness values, however 
due to the size limitations of elbow thickness versus the size of Brinell hardness indenter (10 mm), 
applying the Brinell hardness measurements was not possible. Therefore, the hardness tests were 
conducted using Rockwell hardness tests (smaller indenter) and for the purpose of CFD modeling, 
the Rockwell hardness values (HRB) were converted to Brinell hardness (HB) values. The average 
value (226) was used as one of the inputs in CFD model. 
 
Table 1: Rockwell-Ball (HRB) Hardness Measurements, the values shown in the brackets are the 

Brinell Hardness (HB)values calculated from hardness conversion tables. 
 
 
 
 
 
 
 
 
 
 
 
 

CFD Results 
In order to investigate the relationship between the flow dynamics and the erosion pattern inside 
the bend, the velocity distribution and the erosion rate are investigated using the CFD results. 
Figure 5 shows the velocity field inside the pipe in the midplane section and erosion on the front 
wall of a bend. As the flow approaches the bend, it becomes fully developed and the solid particles 
gain enough momentum to deviate from the intrados due to the sudden change in flow direction. 
This results in the solid particles collide directly with the extrados. Particles on extrados are being 
dragged along the wall with the flow, producing erosion. When they reach the mark shown in 
Figure 5, particles start to separate from pipe surface and continues to travel along the wall on the 
lateral sides (Figure 6). It can be also seen (Figure 5) that the velocity distribution is not uniform 
across the bend and that the velocity magnitudes are higher on the external wall which correlates 
well with the erosion pattern. The flow begins to gradually recover downstream of the bend to 
almost fully re-establish at the pipe exit.  
  

 Intrados Extrados 

15° a 92.3 (eq. 194HB) g 97.1 (eq. 221 HB) 

30° b 93.9 (eq. 203 HB) h 98.0 (eq. 227 HB) 

45° c 93.6 (eq. 200 HB) i 98.4 (eq. 230 HB)  

60° d 94.8 (eq. 208 HB) j 98.4 (eq. 230 HB) 

75° e 91.3 (eq. 189 HB) k 98.2 (eq. 229 HB) 

90° f 88.7 (eq. 177 HB) l 96.6 (eq. 218 HB) 
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Figure 5 (a) Velocity magnitude in the midsection view, (b) Front erosion pattern.  

Figure 6b shows two types of erosion pattern that are formed in the particle separation region. 
The major mass of particles moves to the lateral sides producing same pattern as prior to separation 
on extrados and separating particles on front produce less erosion and generate more regular 
pattern. A similar behavior can be observed on the pipe sample (Figure 4), as well as absence of 
erosion on intrados (Figure 6c). 
 

 
Figure 6. Elbow erosion. (a) Side view, (b) Magnified front view, sample location is marked with 

red, (c) Intrados  
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Conclusion 
In this study, a numerical analysis of 90 degrees carbon steel boiler tube elbow (ASME/ANSI 
16.9), combined with geometrical and material hardness measurements, was conducted. It was 
shown that the main erosion damage was produced along the extrados of the bend. It was shown 
that particles in the flow at some point start to separate from the front wall surface and start to 
travel along the lateral sides producing significant erosion in those regions. It was also found that 
erosion disappears from the front surface of the bend. These results corroborated well with the 
experimental results. It was also demonstrated that in the separation region two different erosion 
pattern existed which also correlates with erosion pattern observed on the sample wall. Finally, it 
should be noted that the straight lines erosion pattern is not completely clear and needs additional 
investigation.   
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