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1|Introduction    

Corrosion is a major issue in the fluid transport industry, affecting not only transportation efficiency but also 

leading to significant equipment repair costs. Besides, corrosion alters the flow hydrodynamics, reduces the 

fluid transfer rate, increases the pressure drop, and increases operating costs. For example, in many water 
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Abstract 

The impact of internal corrosion and rust formation in water transmission pipes is very important for hydraulic properties, 

flow structure, and energy losses. The current work analyzes streamlines, velocity distribution, vortex generation, and pressure 

coefficient changes as functions of varying degrees of internal corrosion in water transmission pipes using Computational 

Fluid Dynamics (CFD). CFD simulations were performed for different corrosion cases characterized by varying levels of area 

reduction. The Reynolds-Averaged Navier–Stokes (RANS) equations were solved in ANSYS Fluent using the finite volume 

method, and the Renormalization Group (RNG) k-ε turbulence model was used to account for turbulence and separated flow 

phenomena. Structured quadrilateral grid generation was performed in Gambit, and local grid refinement near walls and 

contraction areas was applied to enhance the accuracy of CFD computations. Good agreement between the CFD results and 

the experimental data of Eaton and Johnson on turbulent flow through a sudden expansion was obtained. From the findings, 

it is clear that an increase in corrosion intensity accelerates fluid flow in regions of constriction, creating high velocity and 

negative pressure gradients in downstream areas following the corroded parts. In addition, high levels of corrosion lead to 

flow separation, vortex formation, and extensive recirculation, resulting in greater hydraulic losses and pressure drop in the 

pipe system. From the pressure coefficient distribution plot, it is clear that severe corrosion leads to higher pressure drops in 

the pipe due to increased turbulence and energy losses.  
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  supply systems, rusting and internal scale formation reduce the actual cross-sectional area of the flow and 

affect the flow dynamics, velocity, wall shear stress, and pressure distribution. Moreover, this problem alters 

the water's color, smell, and taste, causing significant problems for customers . 

As a rule, corrosion is an electrochemical process in which a metal reacts with its surrounding medium. When 

such a reaction occurs, anodic and cathodic areas form, and, in combination with the electrolyte, oxidation 

and reduction occur, resulting in the formation of metal oxides and corrosion. Gradually, the roughness of 

the pipe wall increases, the cross-sectional area decreases, and pressure drop occurs. In turbulent flow, 

roughness and corrosion may lead to vortices and flow separation, increasing wall shear stress and intensifying 

corrosion and erosion . 

Many recent studies have examined flow behavior in rough and corroded pipes. Among the early pioneers 

who did research on the effects of surface roughness on flow behaviors and modeled rough surfaces was 

Perry et al. [1]. Later, Silberman [2], [3] indicated that the internal geometry of a pipe directly affects the 

friction factor and flow behavior . 

Due to advances in computational techniques and Computational Fluid Dynamics (CFD), flow behavior in 

complex geometries can now be analyzed in greater detail. For example, Chen et al. [4] conducted an 

experimental study on the effects of surface roughness on drag force. Djenidi et al. [5] investigated the vortex 

behavior generated by rough surfaces. Morales et al. [6] also compared rough and smooth surfaces and found 

that increased roughness increases the friction factor and pressure drop . 

In recent times, much attention has been paid to the use of CFD in studying corrosion and turbulent flow in 

pipelines. Hu and Cheng [7] applied CFD to simulate the corrosion of a pipeline in a two-phase oil-water 

flow containing CO₂ and found that wall shear stress and flow structure have direct effects on corrosion. Li 

et al. [8] conducted a study using numerical modeling and electrochemical methods to analyze the effect of 

flow velocity on pipeline corrosion and concluded that higher flow velocity increases mass transfer and 

corrosion. Pouraria et al. [9] researched the wetting properties of the inner surfaces of oil pipelines. They 

noted that changes in the inner surface geometry of the pipeline affect the flow pattern, leading to localized 

corrosion . 

Kahyarian et al. [10] reviewed the role of flow turbulence, mass transfer, and roughness on CO₂ corrosion in 

transmission lines. Barker et al. [11] experimentally and numerically analyzed the effect of sudden-expansion 

geometries on corrosion and observed that regions with flow separation and vortices exhibited higher 

corrosion rates. Wang et al. [12] applied CFD to study corrosion and erosion in gas-liquid pipelines and found 

that higher shear stress and flow instability lead to localized corrosion. Moreover, Zeng et al. [13] noted that 

reductions in cross-sectional area and increases in fluid velocity in constricted sections promote flow. 

Additionally, Thorat et al. [14] reported that the Renormalization Group (RNG) k-ε turbulence model 

provides high precision in predicting the flow field and corrosion rate in pipelines . 

Several recent studies have examined hybrid methods and advanced models for corrosion prediction. Yang 

et al. [15] proposed a model that combined physics-based and active learning approaches to predict CO₂ and 

O₂ corrosion in pipelines via CFD and found that this approach accelerated analysis by 10⁶ times. In another 

study, Cruz et al. [16] applied the attached eddy theory to explore the turbulent friction factor in pipes having 

rough walls. Wang et al. [17] studied the impact of water flow velocity on the corrosion efficiency of steel 

elbow pipe sections. They found that although increased flow velocity increases corrosion, its effect decreases 

at higher flow velocities.  

Also, Obaseki et al. [18] developed a multiphase flow simulation model to predict corrosion rates in oil and 

gas pipelines, accounting for erosion and chloride content, with an accuracy of about 85%. Considering the 

significance of the topic under discussion, the present research aims to examine the influence of increased 

internal rusting in water pipe systems on streamline, flow velocity, and pressure coefficient via numerical 

simulation in Fluent. In this context, various geometries with varying internal rusting are considered, and the 
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  impact of corrosion-induced reduction in cross-section on flow patterns, pressure variations, vortex 

generation, and velocity alterations is analyzed. The primary aim of the current study is to investigate the 

hydrodynamic behavior of flow inside corroded pipes. 

2|Governing Equations 

In general, the Navier-Stokes equations govern the flow of fluids and can be used to simulate both laminar 

and turbulent flow regimes. However, when one tries to solve the equations directly for turbulent flow, one 

must use very fine meshing at all temporal and spatial scales, which makes the problem computationally 

expensive. Because of that, in engineering applications, averaged techniques such as RANS and LES 

simulations are used. 

In this study, the RANS approach is employed to simulate turbulent flow. In this technique, each 

instantaneous variable is split into a mean and a fluctuating component. For instance, for the velocity 

component: 

where ui is the time-averaged velocity and ui′ is its fluctuating component. Similarly, for pressure and other 

scalar quantities we can write: 

where ϕ is an arbitrary scalar quantity, ϕ its mean value, and  ϕ′ its fluctuating part. By substituting the above 

relations into the Navier–Stokes equations and applying time averaging, the governing RANS equations are 

obtained as follows. 

2.1|Continuity Equation 

2.2|Reynolds-Averaged Navier–Stokes Momentum Equations 

In these equations, the last term is known as the Reynolds stresses, which arise from turbulence effects and 

cause the system of equations to be unclosed. 

2.3|Energy Equation 

Where  

ui = ūi + ui
′, (1) 

φ = φ̄ + φ′, (2) 
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  2.4|Modeling of Reynolds Stresses (Boussinesq Hypothesis) 

To close the system of equations, the Boussinesq hypothesis is used, which relates the Reynolds stresses to 

the mean velocity gradient: 

 

where: 

 

 

 

 

2.5|Renormalization Group k–ε Turbulence Model 

In this research, the two-equation RNG k–ε model is used to close the equations. This model includes two 

transport equations: one for turbulent kinetic energy kk and one for its dissipation rate ε. 

2.6|Turbulent Kinetic Energy Equation 

2.7|Turbulent Dissipation Rate Equation 

 

 

2.8|Effective Viscosity 

 

 

2.9|Renormalization Group k–ε Model Relations and Coefficients 
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3|Numerical Method  

In the current study, the governing equations are solved numerically using ANSYS Fluent. Firstly, the meshing 

process was carried out in Gambit using a structured quadrilateral mesh. This type of mesh was chosen 

because it provides greater accuracy in predicting the velocity and pressure gradient in internal turbulent flow 

fields. Grid independence was ensured by varying mesh density and observing that finer meshes did not 

significantly change the outcome. Hence, grid independence is achieved. In the current simulation, a velocity 

inlet boundary condition is assigned at the inlet, a pressure outlet boundary condition at the outlet, and a no-

slip wall boundary condition on the channel walls. The inlet velocity of water was chosen to be 1.5 m/s, and 

the flow was assumed to be incompressible, turbulent, and steady state. The RNG k–ε turbulence model was 

used for capturing the turbulence effects. Fig. 1 shows the computational domain and the adopted meshing 

scheme for the numerical simulation of flow in channels with various contraction geometries. A structured 

quadrilateral grid was used for all simulations to enhance solution accuracy and stability. Fig. 1a depicts a 

simple channel with uniform cross-sectional dimensions, while Figs. 1b-1f display various contraction 

geometries with increasing contraction ratios. As the degree of contraction increases, the flow path narrows, 

leading to higher velocity gradients at the center. Furthermore, mesh refinement was performed around the 

walls and the contraction zones. 

 

Fig. 1. Computational mesh. 

4|Result and Discussion  

To validate the current numerical model, the popular example of a sudden expansion by Thangam and 

Speziale [19] is considered here, as it is similar to the current study. In this case, turbulent incompressible flow 

0η 4.377, β 0.012.= =  
(18) 

μ k ε 1ε 2ε tC 0.0845, α α 1.39, C 1.42, C 1.68, Pr 0.85.= = = = = =  (19) 
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  (water) in a sudden expansion is analyzed, as shown schematically in the figure below. The Reynolds number, 

which is computed using the mean velocity at the inlet and the outlet height, is 132,000, and the expansion 

ratio (step height/outlet height) is 3. A fully developed velocity profile is prescribed at the inlet using a velocity 

inlet boundary condition, whereas a pressure outlet condition is prescribed at the outlet. Past studies 

concluded that the RNG k-ε turbulence model is suitable for predicting separated and recirculating flows. 

Fig. 3 illustrates the dimensionless velocity distribution along the streamwise direction (u/U0) computed by 

applying different turbulence models compared to the experimental data measured by Thangam and Speziale 

[19]. It can be seen that all turbulence models capture the flow trend satisfactorily; however, the RNG k−ε 

model provides the best results compared to the experimental data, especially in the recirculation and 

reattachment zones. Some discrepancies are found at the wall boundary and in regions of flow separation. In 

conclusion, the comparison demonstrates the numerical approach's ability to simulate the turbulent flow 

downstream of the sudden expansion. 

 

Fig. 2. Computational mesh for validate the current numerical model.  

 

 

Fig. 3. Velocity distribution along (u/U0) computed by applying 

different turbulence models compared to the experimental data. 

Fig. 4 shows the velocity magnitude contour and streamlines of the turbulent flow in a channel with partial 

blockage. The constriction of the flow area leads to significant changes in the flow dynamics due to the 
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  reduced area. According to the continuity principle, the fluid velocity increases as it flows through the 

constricted channel, resulting in a higher velocity magnitude at the upper part of the channel. The high-

velocity region is observed on the top side of the channel due to the blockage effect. 

On the other hand, a low-velocity region forms at the lower wall downstream of the blockage. Such an 

observation indicates a pressure gradient and flow separation that cause reverse flow in the channel due to 

the abrupt downstream expansion. From the streamline pattern, it can be observed that the adverse pressure 

gradient drives the formation of a large recirculating flow and vortices. In addition, as the area narrows, the 

streamlines tend to converge further, indicating an increase in shear stress and turbulence. The presence of 

the recirculation region demonstrates that the reduction in pipe diameter due to corrosion can significantly 

affect the pressure distribution and hydraulic losses. The above can be attributed to the results of previous 

research on turbulent separation flows and expansions. As a result, corrosion not only increases the fluid 

velocity within the water transmission pipe but also causes pressure loss and vortex formation. 

Fig. 4. Contours of velocity magnitude and streamline 

pattern in the corroded water transmission pipe. 

Fig. 5 shows the velocity contours and streamline pattern associated with various levels of corrosion intensity 

in the water pipe. The constriction due to the accumulation of rust gradually decreases the available flow area 

from Case (a) to Case (e), resulting in significant changes to the flow dynamics. 

In Case (a) of Fig. 6, where the pipe surface is assumed to be smooth with no corrosion effects, the flow is 

characterized by straight streamlines that are symmetric and stable along the length of the channel. It 

represents a fully developed turbulent flow with no disturbances. 

With the reduction in the cross-section of the pipe in Case (b) of Fig. 6, a localized increase in flow speed in 

the reduced region is noticeable. The streamlines converge in the constricted region, while the flow structure 

remains quite stable compared with the smooth-pipe case. As seen in Fig. 6c, with further growth in corrosion 

strength, the level of velocity acceleration increases sharply. Moreover, a higher adverse pressure gradient 

forms downstream of the constriction, initiating the initial stage of flow separation near the pipe surface. 
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  Besides, there appears to be an increased streamline curvature caused by higher turbulence activity and 

momentum exchange. 

Fig. 6d shows that a sharp contraction of the pipe cross-section causes flow separation downstream of the 

corroded part. The development of large-scale vortices near the upper and lower wall surfaces occurs after 

the region of expansion. This occurs because of the core's deceleration and the inability to overcome the 

adverse pressure gradient in near-wall flow. The last case, shown in Fig. 6e and corresponding to the highest 

corrosion rate, leads to extremely disturbed flow-field behavior. The speed within the narrow throat is at its 

peak, and two symmetric recirculation bubbles appear behind the constriction. At the same time, the length 

and strength of the separation region increase significantly. Thus, it can be concluded that internal corrosion 

destabilizes the flow field, increases pressure losses, and generates vortices in water conveyance pipelines. 

In general, the findings clearly show that increased rust buildup and decreased hydraulic diameter result in 

significant changes in velocity and streamline distributions, as well as in flow separation behavior. Such 

alterations may lead to poor hydraulic characteristics and higher energy costs for transporting fluid through 

such pipelines. 

Fig. 5. Contours and streamlines for different corrosion states of internal wall surfaces and reductions in 

cross-sections; a) no corrosion, b) small amount of corrosion, c) moderate level of corrosion, d) high 

level of corrosion, and e) very high level of corrosion with developed zones of downstream recirculation. 

Fig. 6 shows the variation in the pressure coefficient on the pipe surface for various internal corrosion levels. 

The figure shows that an increase in internal corrosion and a decrease in the effective cross-sectional area 

result in a dramatic reduction in the pressure within the pipe. For the smooth pipe, the pressure coefficient 

remains nearly constant, indicating stable fluid flow.For the smooth pipe, the pressure coefficient remains 

nearly constant, indicating stable fluid flow. As internal corrosion worsens, a rapid pressure reduction occurs, 

attributed to the adverse pressure gradient caused by the accelerated flow through the pipe section. 
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  Beyond the section of internal corrosion, there is a slight recovery in pressure; however, pressure does not 

reach the initial level due to energy losses and vortex generation. Overall, the worst corrosion condition results 

in the highest pressure loss . 

 

Fig. 6. Distribution of pressure coefficients along the pipe wall for 

different levels of internal corrosion and cross-sectional reduction. 

5|Conclusion 

In the present study, the hydrodynamic effects of internal corrosion and rust buildup in water transmission 

pipelines were investigated using computational fluid dynamics analysis. Several cases of corrosion with 

different geometries were investigated to examine their effects on streamlines, velocity profiles, vortex 

generation, and pressure coefficients. 

From the numerical simulation, it was noted that as the corrosion intensity increases, the flow inside the 

pipeline changes. In the smooth pipe, the flow is relatively steady and symmetric, with uniform streamline 

patterns. However, as corrosion intensity increases, the effective flow area decreases, leading to fluid 

acceleration. In addition, higher velocity and an adverse pressure gradient were observed due to corrosion 

within the pipe. 

In this study, it was also shown that under high-corrosion conditions, significant separation and vortical flow 

occur at the back end of the contraction zone. Vortical flow increases turbulence within the pipe, thereby 

causing losses. Furthermore, the pressure coefficient distribution showed an increase in pressure coefficient 

as corrosion intensity increased. The pressure coefficient was maximized for the highly corroded condition. 

Confronting the numerical analysis results with those obtained experimentally for the sudden expansion flow 

revealed that the RNG k−ε turbulence model provides satisfactory predictions of separated turbulent flow 

and the regions of recirculation. Generally, it can be concluded that internal corrosion not only reduces the 

efficiency of water supply through pipelines but also increases energy losses associated with higher pressures. 

Further research might include analysis of the influence of transient flow regime, 3D geometries of the 

corrosion, multiphase behavior, and experimentally based analysis of turbulence under the influence of 

corrosion. 
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   u i =    u ̄ i +  u i ′


  φ =  φ ̄ +  φ ′


   ∂  ∂  x i  ( ρ  u i  u j ) = −   ∂ ρ  ∂  x j +  ∂  ∂  x j  [ μ  (   ∂  u i  ∂  x i +   ∂  u j  ∂  x j ) −  2 3  δ ij   ∂  u k  ∂  x k ] +  ∂  ∂  x j  ( − ρ  u i ′  u j ′ ) .


   ∂  ∂  x i  ( ρ  u i  ( h +  1 2  u j  u j ) ) =  ∂  ∂  x j  [  K eff  (   ∂ T  ∂  x j ) +  u i    (  τ  i , j ) eff ] ,  


  −     ρ  u i ′  u ′ ¯ j =  μ t  (   ∂  u i  ∂  x j +   ∂  u j  ∂  x i ) −  2 3  ( ρ k +  μ t   ∂  u k  ∂  x k )  δ ij ,


  (  τ ij  ) eff =  μ eff  (   ∂  u j  ∂  x i +   ∂  u i  ∂  x j ) −  2 3  μ eff   ∂  u k  ∂  x k  δ ij ,  


   μ t = ρ  C μ    k 2 ε

