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Abstract: Understanding of flow accelerated corrosion (FAC) is very important for wall-thinning
management in commercial power plants. In our previous study, we proposed an FAC model taking
into consideration the diffusion of soluble species. However, the effect of dissolved oxygen (DO) on
FAC has not been clarified sufficiently. To improve the model, it is necessary to qualitatively evaluate
the effect of DO on FAC. In the present study, the effect of DO on the FAC rate was experimentally
evaluated in neutral and alkaline solutions at 413 and 453 K. In the neutral (pHyosx 7.0) and alkaline
solutions (pHaosk 9.2) at 413 K, the FAC was suppressed when the DO concentration was increased to
more than 55 and 12 ppb, respectively. At 453 K, the DO concentration required for FAC suppression
was more than 30 and 4 ppb in the neutral solution (pHyesk 7.0) and alkaline solution (pHagsk 9.8),
respectively. The DO concentration required for FAC suppression was not affected by the flow
velocity according to the result predicted by the FAC model. However, it was higher than the value
predicted by the FAC model. It is assumed that the discrepancy between the experimental and the
predicted results was caused by the uncertainty in the diffusion coefficient of soluble iron and that the
diffusion coefficient was affected by the distribution of soluble ferrous species. The modification of
the diffusion coefficient improved predictive accuracy of FAC rate.
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Introduction

Understanding of flow-accelerated corrosion (FAC) is very important for wall-thinning
management in commercial power plants. FAC is observed in a wide range of temperatures.
The maximum FAC rate of carbon steel under a single-phase flow is observed at
approximately 403—423 K in neutral and alkaline solutions (7 < pHaosx < 9) [1, 2]. The FAC
rate decreases with increasing pH and is less than 0.01 mm-y'1 at pHaos k = 9.5 [2, 3]. The
FAC rate of carbon steels is markedly decreased by the addition of more than 40 and 2 pg-kg”
' oxygen in neutral and alkaline solutions, respectively [4—8]. Under oxidizing conditions,
Fe,Os rather than Fe;O4 becomes stable in the solid phase and the solubility of Fe decreases.
The solubility and diffusion of the soluble species are expected to be the most important
factors in FAC. In our previous study, a novel model of the effect of chemical on FAC (FAC
model) under a steady-state condition was developed by considering the diffusion of soluble
iron and chromium species, dissolved hydrogen, and dissolved oxygen. A formula to evaluate
the critical dissolved oxygen (DO) concentration for FAC suppression was also derived.
However, there was some uncertainty in the diffusion coefficient of soluble iron in the model.
To verify the model, it is very important to understand the combined effects of each parameter,
such as DO concentration and pH, on FAC.



In the present study, the effects of the DO concentration on the FAC rate of carbon steel were
evaluated by using high temperature loop equipment with an on-line corrosion-monitoring
system. The experimental FAC rates were compared with the results calculated by the FAC
model, which was constructed by considering the solubility and diffusion of soluble species.

Experimental

FAC test using a high-flow-rate loop system

Figure 1 shows a schematic diagram of the FAC loop. This facility allows on-line monitoring
of the wall-thinning rate of carbon steel piping by using tube probes (Fig. 2). The tube probes
were made from carbon steel (STPT 480), whose chemical composition is given in Table 1.
The test solutions in the main tank are fed into tube probes with a high velocity. A heat
exchanger and heater are installed before the test sections to heat the solutions. Downstream
of the test section, the solution is cooled to room temperature in the heat exchanger and the
cooler. The experimental conditions of the FAC test are shown in Table 2. The first and third
tests were carried out in deionized neutral water, and the second and fourth tests were carried
out in ammonia (NH3) solution with pHags x values of 9.2 and 9.8, respectively. The
temperature of the solution at the test section was controlled to 413 or 453 K. NH; was
injected into the feed water from the chemical injection tank. The DO concentration was
controlled in the main tank and increased in a step wise manner.

In the on-line monitoring of the wall-thinning rate of the tube probes, the wall-thickness was
calculated from the electrical resistance of the tube probes [9]. Two pairs of silver wire were
soldered to the tube probes. One pair was used to supply direct current and the other was used
for potential drop measurements. The progress of the wall-thinning by FAC increased the
electric resistance (R;) of the tube probes. The inner diameter (7;) of the tube probe was
calculated by

7’1 = (7‘02 _ps .Ls 'TC_I .Rs_l)l/z. (1)

Here, ps is the resistivity of the specimen, L; is the distance between soldering points, and 7, is
the outer diameter.

Table 1 Chemical composition of specimens used for FAC test.
(Wt%
Material C Si Mn P S Cr Mo Fe
STPT 480 0.25 0.24 0.80 0.017 | 0.010 | 0.001 | <0.01 Bal.

Table 2 Experimental conditions of FAC test.
Test Temp. (K) pHaosk Velocity (m/s)
1st 413 7 5,12,30
2nd 413 9.2 5,12,30
3rd 453 7 5,30
4th 453 9.8 5,30
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Figure 2 Schematic diagram of tube probes.

FAC model

Figure 3 shows our FAC model, which is based on the following assumptions [10—12].

1) Thermodynamic equilibrium is achieved in the layer at the material/solution interface
(saturated layer).

2) The soluble species diffuse between the bulk solution and saturated layer through the
diffusion layer. The rate-determining step of FAC is the diffusion of the soluble iron.

In the case of a difference between the concentration at the saturated layer (Csy) and the
concentration of the bulk solution (C,m), the soluble species M diffuses from the
material/solution interface to the bulk solution in accordance with Fick's law. The flux of the

soluble species (Jum) is proportional to the concentration difference (Csy — Conm). Therefore,
Jum 1s expressed as

Jm=2Dy 0" (Copt— Coopa). )



Here, Dy is the diffusion coefficient of M and ¢ is the thickness of the diffusion layer. The
thickness of the diffusion layer can be defined in terms of Sherwood number, Sk, as follows:

5=2d-Sh’. (3)
Here, d is a characteristic length. In the case of a tube, d is equal to the inner diameter of the
tube. From the Chilton—Colburn analogy of mass and heat transfer, S% is expressed in terms
of the Reynolds number (Re) and Schmidt number (Sc) [13] as

Sh=0.0395 Re"7 - Sc'”. (4)
The iron concentration in the saturated layer is equal to the thermodynamic solubility of iron
(Sre). It is convenient and conservative to assume that the soluble iron concentration in the
bulk solution is zero. The FAC rate (Jrac) can be expressed by

Jeac =2 Dre 0™ - Ske. (5)
Sre 1s approximately equal to the soluble ferrous iron concentration, Sre(r).

Ske = [Fe?'] + [Fe(OH) ] + [Fe(OH)2.4q] + [Fe(OH)5] (6)

The hydrolysis reactions of ferrous ions are shown in Eqgs. (7) to (9), where K are equilibrium
constants [14, 15]. Here the subscript “aq” indicates an aqua complex.

Fe*' + H,O = Fe(OH)" + H" K, = [Fe(OH)'|[H']/[Fe* ] (7)
Fe*" + 2H,0 = Fe(OH)y 4q + 2H" K> = [Fe(OH), 0] [H'T"/[Fe*'] )]
Fe2+ + 3H20 = Fe(OH)3- + 3H+ K5 = [Fe(OH); J[H'T/[Fe*"] )

Equation (6) is rewritten using the equilibrium constants as follows.
Sre = [Fe*" (1 + Ki/[H'] + Ko/[H'T* + K3/[H'T) (10)

The aqua complex concentration, [Fe**], is limited by the dissolution equilibrium of the stable
oxide.

3Fe’” + 4H,0 = Fe304(c) + 6H + H, Kresos = [H']® Puo/[Fe* TP (11)

Kre304 1s obtained from change in the Gibbs free energy of the reaction [4, 16].
The hydrogen ion concentration ([H']) and the hydrogen partial pressure (Pn,) in the saturated

layer are important parameters for the calculation of Sg.. [H'] was obtained by taking into
consideration the dissolution equilibria of Fe*", the hydrolysis equilibria of ammonia and the
electric charge balance. Py, was calculated from Cs i, using Henry's law. H, generated by the
cathodic reaction diffuses to the bulk solution. Under the steady state in the deaerated solution,
the flux of H; should be the same as the flux of iron [10].

In the presence of DO, the cathodic reaction of oxygen proceeds more rapidly than the
cathodic reduction of hydrogen. Csy, was calculated by taking into consideration the mass



balance of Fe, Hy, and O, at the saturated layer [10]. This FAC model also evaluates the
critical DO concentration (Co, critical) for FAC suppression [10] as

COZ,critical =0.5 Dre 'DOZ_I * Ske. (12)
From Eq. (12), it is assumed that Coz,cmical is independent of fluid dynamic parameters.
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Figure 3 Model of physicochemical effect on FAC.

Results

Effect of DO concentration

The DO concentration of the feed water was increased in a stepwise manner during the test
run. Figure 4 (a) shows the change in the inner radius during the first test. The DO
concentrations in the feed water and outlet water are also shown in the figure. The DO is
consumed by the corrosion reaction of carbon steel; thus, the DO concentration in the outlet
water is less than that in the feed water. In the neutral solution at 413 K, the change in the
inner radius decreased abruptly when the DO concentration was increased to more than 55
ppb. Figure 4 (b) shows the FAC rate evaluated from the change in the inner radius. Although
the FAC at a higher velocity was greater than that at a lower velocity, the DO concentration
required for FAC suppression was not affected by the velocity.

Figures 5 (a) and (b) show the change in the inner radius during the second test and the FAC
rate evaluated from the change in the inner radius, respectively. In the alkaline solution
(pHaosk 9.2) at 413 K, the change in the inner radius decreased abruptly when the DO
concentration was increased to more than 12 ppb, and the DO concentration required for FAC
suppression was not affected by the velocity.

Table 3 shows the DO concentration required for FAC suppression obtained from FAC tests.
It was clarified that increasing the pH decreases the required DO concentration and that the
DO concentration required at 413 K is higher than that at 453 K.
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Figure 6 Relationship between DO concentration and FAC rate obtained from 3rd (a)
and 4th (b) tests.
Table 3 Comparison of DO concentration required for FAC suppression (COZ’Critica]).
413 K 453 K
pHa9sk 7.0 50-55 ppb (1st test) 25-30 ppb (3rd test)
pHaosk 9.2 10-12 ppb (2nd test) 8 — 10 ppb*
pH2osk 9.8 - 1-4 ppb (4th test)

*: Result of a test carried out using a different apparatus with a recycling system.

Critical DO concentration for FAC suppression
Table 4 shows Coz,criﬁcal calculated using the FAC model. Although the FAC model can
qualitatively explain the experimental results, we encountered some difficulty in quantitative
prediction using the FAC model. We considered that one of the factors casing this
discrepancy is the uncertainty in Dg.. Then Dy, was estimated from the experimental COz,critical
(D’ge). Table 5 shows the relationship between Dy, and COZ,critical calculated from Eq. (12). It
was clarified that the value of Dg, giving COZ,critical obtained experimentally was higher than
the value of Dy that we used and that Dy, may be affected by the solution pH.

A change in pH affects the concentration ratios of the dissolved iron species such as Fe*",
Fe(OH)", and Fe(OH),. Table 6 shows the concentration ratios of Fe*", Fe(OH)", and Fe(OH),
in the solution at 453 K. In this study, D’r. was defined as

D’re= Xpe2tD’pe2t + Xre(omy™D re(ony* T Xre(on),D’ Fe(on),- (13)

Here D’ge2*, D’reony™ and D’Fe(OH)z are the pseudodiffusion coefficients of Fez+, Fe(OH)+, and

Fe(OH),, respectively. All the pseudodiffusion coefficients at 298 K were in the range from
107 to 10" m%/s for the modified model, as shown in Table 7.

Figure 6 shows the FAC rates calculated from the FAC model using Dr. (previous model) and
D’ge (this study). The latter FAC rates and COZ,critical values are larger than the former.
Comparing Figs. 4-5, and 6 with Fig. 7, the FAC rates calculated using the previous model
are smaller than the experimental values. For the modified FAC model using D’g., the



predictive accuracy of the FAC rate was greatly improved. Figure 8 shows the effect of the
temperature and pHaosk on the FAC rate calculated using the modified FAC model. The effect
of the temperature on the FAC rate changes with pHyosk. The temperature at which the FAC
rate is maximum is higher in the alkaline solution with pHaosk 9.2 than in the neutral solution
with pHaosk 7. At 413 K, when pHjosk of the solution exceeds about 8.5, the FAC rate drops
abruptly. The quantitative validity of these behaviors should be confirmed by further
experiments, and the FAC model should be further modified.

Table 4 COZ,critical calculated by FAC model using constant Dre.
413 K 453 K
pHaosk 7.0 8.5 ppb 5.6 ppb
pHoosk 9.2 0.6 ppb
pH298K 9.8 - 0.1 ppb
Table 5 Relationship between Dy, at 298 K and COZ’Critical at 453 K.
Dre (at 298 K) Dre (at 453 K) Co, critical (PPb)

(m’/s) (m’/s) pHoosk 7 pHoosk 9.2 pHaosk 9.8
8.42E-10 7.55E-09 5.6 0.6 0.08
3.30E-09 2.96E-08 29.0 4.1 0.6
5.50E-09 3.43E-08 53.0 8.6 1.3
7.30E-09 6.55E-08 74.0 13.2 1.9

Table 6 Concentration ratios (Xy) of soluble Fe(II) species in the solution at 453 K.
Xre2t Xre(oHy* Xre(0m), 4
pH298K 7.0 0.719 0.276 0.005
pHagsk 9.2 0.321 0.623 0.056
pHaosk 9.8 0.105 0.686 0.209

Table 7 D’Fez+, D’Fe(OH)+ and D’Fe(OH)Z at 298 K.
D’re2+ (at 298 K) D’keiony* (at 298 K) | D’re(om, (at 298 K)
(m’/s) (m’/s) (m?/s)
Original model 8.42E-10 - -
Modified model 2.09E-09 6.67E-09 1.20E-08
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Figure 7 FAC rates calculated using the previous and modified FAC models: (a) 413 K,
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Conclusion

The effect of DO on the FAC rate was experimentally evaluated in neutral and alkaline
solutions at 413 and 453 K. In the neutral (pHaosk 7.0) and alkaline solutions (pHaosk 9.2) at
413 K, the FAC was suppressed when the DO concentration was increased to more than 55
and 12 ppb, respectively. At 453 K, the DO concentration required for FAC suppression was
more than 30 and 4 ppb in the neutral solution (pHagsx 7.0) and alkaline solution (pHzgsk 9.8),
respectively. The DO concentration required for FAC suppression was not affected by the
flow velocity according to result predicted by the FAC model. However, it was higher than
the value predicted by the FAC model. It was assumed that the discrepancy between the
experimental and predicted results was caused by the uncertainty in the diffusion coefficient
of soluble iron and that the diffusion coefficient was affected by the distribution of soluble
ferrous species. The modification of the diffusion coefficient improved predictive accuracy of
FAC rate.
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