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Flow accelerated corrosion (FAC), is still prevail in power plants piping components and is 
driven by variables in hydrodynamics, water chemistry and material composition groups. 
Amongst these factors, flow hydrodynamics play a major role as FAC is a corrosion process 
limited by wall mass transfer rates. Computational Fluid Dynamics (CFD) have been 
employed to calculate mass transfer coefficient for further FAC rate assessment. 
However, various turbulent models have been used in literatures. In this study, CFD 
calculations of mass transfer coefficient in 90-degree bend are performed with different 
turbulent models including k − ε RNG, k − ω SST, Transition k − kl − ω and 
Transition SST at the Reynolds number (Re) of 90,000 and the Schmidt number (Sc) of 
2.53. k − ε RNG, Transition k − kl − ω and Transition SST models yield similar flow 
behaviour, while the k − ω SST shows the delay in the flow separation and double 
vortices development. The predicted mass transfer coefficients from the three models 
also agree with the experimental result. The k − ε RNG outperforms the others with the 
maximum relative error of 14%. Although the obtained mass transfer coefficient from k −
ω SST model shows good agreement with experimental results at the outlet part of the 
bend, high discrepancies exist at the inlet part. 
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1. Introduction 
 

Flow accelerated corrosion or FAC damages have been recorded since 1972 as shown in the work 
of Gipon and Trevin [1]. Although preventive measures for Flow accelerated corrosion or FAC have 
been developed since 1986, the problems remain in many power plants nowadays. This indicates 
that a more thorough understanding of different aspects of the FAC is still needed. 

FAC is a corrosion process starting from the magnetite layer formation through the Schikorr 
reaction, which takes place when reducing water is in contact with steel pipes’ wall or component’s 
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inner surface. Ferrous species from the component’s wall at the wall-oxide interface then diffuses 
through the oxide layer. Meanwhile, ferrous species at the oxide-water interface of the magnetite 
layer are also dissolved to adjacent area. Finally, the diffused and dissolved species proceed to the 
bulk flow and convect downstream. The overall process can be described in Figure 1. 
 

 
Fig. 1. Different steps in FAC [2] 

 
FAC can be categorized into single-phase and two-phase FAC. For the former, water is in liquid 

phase and for the later, the water is a mixture between saturated liquid and saturated vapor. One of 
the iconic attributes of FAC is the horseshoe-like marks or the chevron-like marks on effected 
surfaces, as shown in Figure 2. Both the FAC are similar except that the two-phase FAC appears black 
and shinier compared to the single-phase FAC. 
 

 
Fig. 2. Iconic horseshoe-like or chevron-
like marks of FAC 

 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 119, Issue 1 (2024) 28-41 

30 
 

Major FAC supported factors are from three major groups including hydrodynamics, water 
chemistry, and material composition. Many literature studies experimentally investigated the FAC 
rate on chemistry variables and material composition. For example, the cycle water pH value was 
found to affect the FAC rate and Dooley and Mathews [3] found that the FAC rate could be minimized 
by optimizing the pH level. Lotz and Postlethwaite [4] proved that high concentration corrosion 
inhibitors such as chromates and nitrites acted as passive inhibitors and could limit the FAC rate. 
Barth et al., [5] reported that adding small amount of Chromium to carbon steel could effectively 
reduce the FAC. 

Apart from the water chemistry and material composition, Mazhar [6] stated that flow 
hydrodynamics also played a major role as FAC was a corrosion process limited by wall mass transfer 
rates. The advancement of the computational fluid dynamics (CFD) codes and computational power 
allows numerical studies on fluid flow behavior and mass transfer, thus, FAC investigation. Developed 
mathematical models not only reproduce physical behaviors, but the obtained results also matched 
experimental results. This proves that CFD can be employed to analyze FAC effectively. 

Various turbulent models are employed in different literatures and geometry. For example, El-
Gammal et al., [7] studied single-phase FAC in a 90-degree bend at the Reynolds number (RE) of 
40,000. The Reynolds Stress Model (RSM) with standard wall function was employed. Correlations 
between the FAC damage locations and the turbulent flow parameters such as skin friction, turbulent 
kinetic energy and surface static pressure were also developed. The results agreed with the works of 
Nešić [8], Zinemanas and Herszage [9], and Poulson [10]. 

Another example of CFD study in FAC can be seen in the work from Lin and Ferng [11]. They 
examined the impacts of fluid dynamics on the FAC rate in a bend using enhanced wall treatment 
k − ε RNG model. The flow behavior and mass transfer of oxygen from water to pipe wall were 
determined. Corrosion model from Keating and Nešić [12] and the correlation between the dilution-
diffusion coefficient presented by Hayduk and Minhas [13] were employed. 

A similar single-phase FAC study was done by Prasad et al., [14] using k − ε RNG turbulent model. 
The correlation adopted from Pietralik [15] was applied in the calculation of mass transfer coefficient 
(MTC). This MTC included the geometrical effect and the time-changing wall roughness. The 
applications to flow in a 58° bend and in a straight pipe downstream an orifice showed promising 
results. 

As there is no literature that compares results obtained from different models with the same 
geometry, hence, in this study, mass transfer coefficients, in 90-degree bend are studied using CFD 
with different turbulent models and wall models. The testing geometry, the relevant theories as well 
as the studied cases are provided in the methodology section. Then, the comparisons of the results 
from each case are shown and the advantages and disadvantages of different models are finally 
discussed. 
 
2. Methodology 
2.1 Problem Description 
 

The problem to be studied in this study is flow of air in a naphthalene-coated 90° bend, the 
summary of which can be seen in Figure 3. Naphthalene-air system is chosen because the system is 
widely used in experiments and the mass transfer is considered low mass flux which is also the case 
for transportation of iron species from component wall to water in power plant piping system. This 
is done in Ansys Fluent. The domain of the problem is 90° bend with upstream and downstream pipes 
which is divided into 5 parts, the inlet straight pipe, the straight pipe upstream of the bend, the bend, 
the straight pipe downstream of the bend, and the outlet straight pipe. The pipe has a diameter of 
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0.07 m, and the bend radius is 1.5 times the pipe diameter. The length of the inlet and outlet of the 
straight pipes is defined such that the flow is fully developed. In addition, the analysis is three 
dimensional. 
 

 
Problem description the the calculation domain .3Fig.  

 
The Reynolds number for this model is 90,000 and the Schmidt number is 2.53, which is the 

condition experimentally studied by Achenbach [16]. For near wall studies of fluid flow, it is suggested 
that the 𝑦+ is kept below 5 in the work of Cebeci [17] and Luchini [18] to use viscous sublayer wall 
function with minimal deviations from the universal velocity profile close to the wall. Because mass 
transfer phenomenon requires determination of concentration gradients on the wall and the mass 
transfer boundary layer thickness is connected to the momentum boundary layer thickness by the 

factor of Sc1/3, hence, the grid is generated such that the 𝑦+ is kept below 3.5. Grid generation is 
done on Fluent meshing. The minimum and maximum sizes of the surface meshing are 0.0006 and 
0.0008 m, respectively. The surface meshing growth rate is 1.4. Three layers of boundary mesh are 
added with the transition ratio of 0.272 with the same growth rate as the surface meshing. For the 
element meshing, the type of polyhedral is chosen as this is a balancing choice for accuracy, flexibility 
and computational cost as studied in the work of Wang et al., [19]. The growth rate is also 1.4 and 
the maximum element size is approximately 0.001 m. The total number of cells after grid 
independent study is 32 million and the minimum orthogonal is 0.2. The experimental results from 
Achenbach [16] are used to validate the mass transfer coefficient obtained from CFD models. The 
boundary condition for the inlet is uniformed inlet velocity. For the outlet, the boundary condition is 
pressure outlet and for the walls of part 1-5 is assigned as no-slip wall. In addition, to study the mass 
transfer behavior, the wall of the part 1-3 is also assigned Naphthalene mass concentration of one. 
 
2.2 Turbulent Flow Models 
 

Turbulent flow has irregularities and random nature as its distinguished characters. Such complex 
flow can be solved by different strategies like Direct Numerical Simulation (DNS), Large Eddy 
Simulation (LES), and Reynolds Averaged Navier-Stokes (RANS). DNS and LES are usually used for 
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research purposes as well as for RANS models development. These strategies are not practical for 
industrial purposes because they require a great amount of computational resources as the former 
solves the Navier-Stokes equations at all length and time scales and while the later solves for the 
large and intermediate length and time scales. The RANS strategy is widely used in industries because 
of its affordable requirement in computational power. This technique solves a turbulent model that 
developed to resolve the closure problem by the emerging Reynold stress terms. 

The RANS can be written as in the Eq. (1) and Eq. (2). 
 

∇ ∙ �⃗⃗̅� = 0              (1) 
 

𝜌 [
𝜕�⃗⃗̅� 

𝜕𝑡
+ �⃗⃗̅� ∙ ∇�⃗⃗̅� ] = −∇�̅� + 𝜇∇2�⃗⃗̅� − 𝜌

𝜕(𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ̅̅ ̅)

𝜕𝑥𝑗
         (2) 

 

where 𝜇 is the dynamic viscosity of the fluid, �̅� and �⃗⃗̅�  are the mean pressure and mean velocity, 
and 𝑢𝑖

′ is the velocity fluctuation in the 𝑖 direction. The last term in the Eq. (2) is called the Reynolds 
stress which are models in RANS turbulent models to resolve the closure problem. 

The turbulent models studied in this research include k − ε RNG, k − ω SST, Transition k − kl −
ω, and Transition − SST models. The k − ε RNG model, two-equation eddy-viscosity model, is 
developed by Yakhot et al., [20] which renormalizes the Navier-Stokes equations using Re-
Normalisation Group (RNG) methods. The purpose of this model development is to include the 
effects of smaller scales of motion to the turbulent diffusion which originally takes the effect of the 
specified scale in the k − ε model. The k − ω SST turbulence model developed by Menter [21] is also 
a two-equation eddy-viscosity model combining the advantages of the k − ω model which perform 
better in the inner parts of the boundary layer due to no damping effects and k-ε which perform well 
in the area without adverse pressure gradient. The transition k − kl − ω model is a three-equation 
eddy-viscosity developed by Walters and Cokljat [22] to predict boundary layer development and 
calculate transition beginning point. In addition, the model can also be used to handle the transition 
of laminar to turbulent boundary effectively. Finally, the transition SST model combines the k −
ω SST transport equations with two additional transport equations to handle the intermittency and 
the onset of transition based on the momentum-thickness Reynolds number. 
 
2.3 Mass Transfer Model 
 

The governing equations for fluid flow and mass transfer can be decoupled as the concentration 
of the species from the corrosion reaction is dilute, the reactions on the wall does not significantly 
affect the flow [23]. As stated earlier, FAC is limited by wall mass transfer rate. The mass transfer 
mechanism involves mass diffusion from wall to the bulk flow and mass convection that brings the 
diffused species downstream. The transport equation of chemical species, 𝑌i, implemented in Ansys 
Fluent can be written in the general form as in Eq. (3). 
 
𝜕(𝜌𝑌𝑖)

𝜕𝑡
+ ∇ ∙ (𝜌𝑣 𝑌𝑖) = −∇ ∙ 𝐽𝑖⃗⃗ + 𝑅𝑖 + 𝑆𝑖          (3) 

 
where 𝑌𝑖  is the mass fraction of the transported species, which is Naphthalene in this case, 𝑣  is the 
fluid velocity. The first term is the rate of change of the mass fraction with time. The second and third 
terms are the mass transport by convection and diffusion, respectively. 𝑅𝑖 and 𝑆𝑖, which are disabled, 
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represent the rate of species production by chemical reaction and the rate at which a species is 
generated through addition from the dispersed phase, as well as any user-defined sources. 
 
2.4 Wall Sherwood Number Determination 
 

In mass transfer calculation, ratios of the Sherwood number (𝑆ℎ) at the bend wall to that of the 

fully developed flow in pipe (𝑆ℎ𝑝) with identical diameter are evaluated. The expression for the 𝑆ℎ𝑝 

can be found in literatures or, for low mass flux conditions, by substituting the Nusselt and Prandtl 
numbers with the Sherwood and Schmidt numbers in an appropriate expression of heat transfer 
coefficient. In this study, the expression used in the work of Asadi and Esfahany [24] is taken and can 
be written as in Eq. (4). 
 

𝑆ℎ𝑝 = 0.023𝑅𝑒0.8𝑆𝑐1/3            (4) 

 
The mass convection coefficient of the bend wall at different locations can be determined by 

balancing the mass diffusion from wall and the mass convection to the bulk flow as in the Eq. (5). 
 

ℎ𝑚𝑎𝑠𝑠 =
−𝐷(

𝜕𝑌𝑖
𝜕�⃗⃗� 

)
𝑤

𝑌𝑖,𝑤−𝑌𝑖,𝑎𝑣𝑔
             (5) 

 

where (
𝜕𝑌𝑖

𝜕�⃗� 
)
𝑤

 is the wall mass fraction gradient in the direction normal to the wall, 𝑌𝑖,𝑤 is the mass 

fraction at the wall and 𝑌𝑖,𝑎𝑣𝑔 is the average mass fraction on the cross-sectional area at the location. 

Once the mass convection coefficient is known, the Sherwood number can be evaluated from the 
Eq. (6). 
 

𝑆ℎ =  
ℎ𝑚𝑎𝑠𝑠𝐿

𝐷
              (6) 

 
where 𝐿 is the characteristic length of the problem and 𝐷 is the mass diffusion coefficient which can 
be determined from the 𝑆𝑐. 
 
3. Results and Discussion 
3.1 Pressure Distribution 
 

Figure 4 shows the contour of the pressure obtained from the calculations. Qualitatively, the 
pressure is low at the bend intrados wall due to the flow acceleration and separation, which is similar 
to the results obtained by Kumar et al., [25]. On the other hand, the pressure is high at the bend 
extrados wall due to the flow deceleration. The k − ε RNG and Transition k − kl − ω and 
Transition SST models could capture the lowest pressure zone at the beginning of the intrados while 
this is not clearly seen in the result from k − ω SST. This may be due to the fact that, at the zone 
close to the wall, the k − ω SST switches to k − ω model which could underperform the k − ε RNG 
and other models in this particular zone. 
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(a) (b) 

  
(c) (d) 

Fig. 4. Pressure contour (a) from k − ε RNG model, (b) from k − ω SST model, (c) from Transition k −
kl − ω model and (d) from Transition − SST model 

 
3.2 Velocity Distribution 
 

The contour of the velocity magnitude can be seen in the Figure 5. The acceleration of the flow 
can be seen at the inlet of the bend intrados, where the pressure is minimum. The air is flowing into 
the bend inlet and is impinging on the extrados wall. Flow separation can be seen on the intrados 
near the exit of the elbow. This behaviour can be seen from the results of all models however, the 
starting point of the flow separation from k − ω SST comes later compared to the others. 
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(a) (b) 

  
(c) (d) 

Fig. 5. Velocity magnitude contour (a) from k − ε RNG model, (b) from k − ω SST model, (c) from 
Transition k − kl − ω model and (d) from Transition − SST model 

 
3.3 Velocity Vector at 20-Degree Plane 
 

The velocity vector at the bend 20-degree plane is presented in the Figure 6. In the figure, the 
development of the double vortices can be seen. The air is flow from the intrados side (bottom part 
of each figure) to the extrados side (top part of each figure) and then goes along the sides wall back 
to the intrados. The result from k − ε RNG model shows the strongest development judging by the 
magnitude of the velocity, followed by the Transition k − kl − ω and Transition SST. The k −
ω SST model portrays this behavior the weakest. 
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(a) (b) 

  
(c) (d) 

Fig. 6. Velocity vector on the bend 20-degree plane (a) from k − ε RNG model, (b) from k − ω SST model, 
(c) from Transition k − kl − ω model and (d) from Transition − SST model 

 
3.4 Velocity Vector at 90-Degree Plane 
 

As the flow progresses toward the bend outlet, the vortices can be clearly seen as shown in the 
Figure 7. The velocity vector at the outlet plane where the intrados and extrados are on the left and 
right side of each figure, respectively. On this outlet plane, the flow separation and the recirculation 
zones can be distinctively seen. k − ε RNG and Transition SST models display qualitatively 
comparable results. The result from Transition k − kl − ω model agree with the formers. However, 
the result from the k − ω SST model does not show the flow separation yet and the vortices cannot 
be seen clearly as can be seen from the others. 
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(a) (b) 

  
(c) (d) 

Fig. 7. Velocity vector on the bend outlet plane (a) from k − ε RNG model, (b) from k − ω SST model, (c) 
from Transition k − kl − ω model and (d) from Transition − SST model 

 
3.5 Mass Transfer Coefficient on the Bend Extrados Wall 
 

The ratios of the bend extrados Sherwood number to the straight pipe Sherwood number 
obtained from different turbulent models are shown in the Figure 8 together with the experimental 
data from Achenbach [16]. From the data, the Sherwood number of the bend extrados is 
approximately one near the bend inlet and is increasing as the flow progresses through the bend until 
reaching the bend outlet. This behavior is likely because of the impingement of the high velocity core 
flow, from the double vortices, onto the outer wall which causes high static pressure at the bend wall 
[6]. 
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Fig. 8. Mass transfer coefficient ratio on the bend extrados wall 

 
From the Figure 8, the k − ε RNG gives the best matching result with the experimental data with 

the maximum relative error of 14%. It reflects both the inlet and outlet ends mass transfer behaviour 
correctly. The Transition k − kl − ω, and Transition − SST models give good agreement results 
compared to the benchmark data, at the maximum relative error about 17% and 22.5%, respectively, 
however, the slope of the curves in the bend section is less than the result by the k − ε RNG. Finally, 
the k − ω SST model gives the same trend as the experimental data at the bend outlet and the 
downstream of the bend, but there is high discrepancy at the upstream and front half of the bend, 
the maximum relative error obtained from this model is as high as 25%. 

Knowing that the k − ω SST employs k − ω model near the wall and k − ε model away from the 
wall, Shahid and Agelin-Chaab [26], further investigation have been done by perform the calculation 
using the k − ε model. The velocity vector plots at the outlet plane from the k − ω SST, k − ε, and 
k − ε RNG are shown in the Figure 9 below. The solutions from k − ω SST and k − ε are qualitatively 
the same while the solution from k − ε RNG is distinct from the others. 
 

  
(a) (b) 
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(c) 

Fig. 9. Velocity vector on the bend outlet plane (a) from k − ω SST model, (b) from k − ε model, and 
(c) from k − ε RNG model 

 
4. Conclusion 
 

Turbulent flow in 90-degree bend has its own characteristics such as the flow separation and the 
secondary vortices resulting from the centrifugal effects as investigated in the work of Fiedler [27]. 
From the results, all models can capture these characters quite well. The k − ε RNG, Transition k −
kl − ω, and Transition − SST give comparable results to each other while the result from k − ω SST 
shows the delay of the flow separation starting point and the double vortices development. This may 
contribute to the fact that the k − ε RNG models already account for the effects of smaller scales of 
motion and the Transition k − kl − ω and Transition − SST models have been modified such that 
the complexities in the boundary layer can be taken care of. 

Mass transfer analysis requires finer mesh near the wall as its boundary layer is usually thinner 
compared to the momentum boundary layer. In addition, as the velocity is almost zero near the wall, 
this requires low Reynolds number treatment in the turbulent model. For the studied problem, the 
k − ε RNG model gives the most accurate results amongst the others. It can capture the ratio of the 
Sherwood number correctly both on the inlet and outlet side of the bend while the k − ω SST gives 
good agreement result at the outlet of the bend but shows large deviation at the inlet. 

The reason of large discrepancies in the k − ω SST may arise from the usage of the k − ε model 
instead of k − ε RNG model in the regions away from the wall, Liu et al., [28]. The better results from 
k − ε RNG over the normal k − ε model may come from the improvements in different aspects such 
as the effective viscosity modelling, the modification of the calculated effective viscosity to account 
for the swirl or rotation effects and the improved response to flows with rapid strained and 
streamline curvature by the additional Rϵ term in the ε equation, referred to the work of Li et al., 
[29] for the full equation. 

From the findings, the k − ε RNG model can be applied to study FAC in bends and in other 
complex geometries that are expected to have flow separation and vortices. 
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