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ABSTRACT 

In a mechanistic model of flow-accelerated corrosion (FAC), one of the steps affecting the FAC rate is the mass 
transfer of ferrous ions from the oxide-water interface to the bulk of the flowing water.  This step is dominant 
under alkaline conditions and high temperature, an environment frequently occurring in piping of nuclear power 
plants (NPPs).  When the flow effects are dominant, the FAC rate is proportional to the mass flux of ferrous ions, 
which is typically proportional to the mass transfer coefficient in the flowing water.  The mass transfer coefficient 
describes the intensity of the transport of corrosion products (ferrous ions) from the oxide-water interface into the 
bulk water.  Therefore, this parameter can be used for predicting the local distribution of the FAC rate.  The current 
paper presents a brief review of plant and laboratory evidence of the relationship between local mass transfer 
conditions and the FAC rate with examples for bends.  It reviews the most important flow parameters affecting the 
mass transfer coefficient and, as an example, shows correlations for mass transfer coefficients in bends under NPP 
conditions.  The role of geometry, surface roughness, wall shear stress, upstream turbulence, and locally generated 
turbulence is discussed.  An example of computational fluid dynamics calculations and plant artefact 
measurements for short-radius and long-radius bends are presented. 
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1 Introduction 

Flow-accelerated corrosion (FAC) causes wall thinning in carbon steel piping and equipment in 
nuclear and fossil power plants.  Although piping and equipment in the secondary side are especially 
susceptible, those in the primary side are also affected.  The mechanism of FAC is such that the rate of 
FAC depends on three groups of parameters: water chemistry, flow, and materials.  While water 
chemistry and materials set an overall propensity for FAC, local flow characteristics determine the local 
distribution of wall thinning.  For FAC cases where flow effects are dominant, the FAC rate is 
proportional to the mass flux of ferrous ions.  Although the transport of ferrous ions is commonly 
considered as rate-limiting in FAC, other key species may also be considered, e.g., the mass transport of 
hydronium ions, which is consumed in the cathodic reaction, in the opposite direction and this paper 
assumes ferrous ions as the key species.  The mass flux of ferrous ions is a function of the mass transfer 
coefficient (MTC) and the concentration difference of ferrous ions across the concentration boundary 
layer in the solution.  The MTC depends on the geometry, flow rate, local turbulence, surface roughness, 
void fraction in two-phase flows and physical properties of the transported species and of the water.  All 
mechanistic models of FAC assume that ferrous ions form at the metal-oxide interface, diffuse through 
the oxide layer and are transported from the oxide-water interface to the bulk water by convective mass 
transfer.  
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The mass transfer step is the focus of this paper.  The objective of this paper is to present the 
current knowledge and understanding of flow and mass transfer under conditions that cause FAC in 
nuclear power plants (NPP).  In particular, flow factors that affect FAC rate are presented.  Examples of 
the local distribution of FAC rate and MTC are also discussed.  

2 Flow-Accelerated Corrosion  

Existing mechanistic models for FAC [1] [2] assume that there are three consecutive steps and, in 
general, any of the steps may be rate limiting:  

• the electrochemical oxidation of metal atoms to form ferrous ions at the metal surface,  
• the diffusional mass transfer of the ferrous ions in the electrolyte (water) through the porous 

film and precipitation of the ferrous ions in the inner layer of the film as well as dissolution of 
the outer layer of the film, and 

• the convective mass transfer of ferrous ions from the oxide-water interface through the 
boundary layer of water into the bulk of water.  

Because the solubility of magnetite changes through the oxide layer as a function of crystal size, 
additional processes occur in the oxide layer.  While diffusing through the oxide layer, the ferrous ions 
form magnetite in the pores of the inner layer (closer to the metal surface), where the concentration of 
ferrous ions is larger than the local equilibrium concentration, and dissolve in the outer layer, where the 
concentration of ferrous ions is smaller than the local equilibrium concentration.  Diffusional mass 
transfer of ferrous ions through the oxide layer occurs through small pores in the layer (note that the 
pores are of the order of a small fraction of a micrometer).  The mass transfer resistance of this step 
depends on the size of the pores and the thickness of the layer.  The size of pores can be a function of 
FAC rate, especially in the outer layer of the oxide.  The thickness of the oxide layer also affects the 
FAC rate.  The available information on these issues is incomplete, although it is expected that this step 
is not rate limiting for thin oxide layer thicknesses.  Convective mass transfer of the ferrous ions in the 
water is dependent on velocity, local turbulence, geometry, surface roughness, and in two-phase flows 
also on flow regime and void fraction.  Physical properties of the transported species or the water do not 
affect the local transport rate in the adiabatic flow.  In diabatic flows, flows with heat exchange, the 
effects caused by changing physical properties are dependent on the range of temperature changes.  
However, the temperature changes in piping are usually small, contrary to those in heat exchangers. The 
text below discusses the third step, i.e., the convective transport of ferrous ions in the water. 

2.2 The Mass Transfer Step  

The mass flux of ferrous ions from the oxide-water interface to the bulk of water is written in general as: 
 

)c-c(MTCN bwFe   Equation 1 

whereNFe Mass flux of ferrous ions kg/(m2·s) 
MTC Mass transfer coefficient for ferrous ions in water kg/(m2·s) 

cw Concentration of ferrous ions at the oxide-water 
interface 

kg of ferrous ions/kg 
of water 

cb Concentration of ferrous ions in the bulk of water kg of ferrous ions/kg 
of water 

 

2.1 The FAC Phenomenon



   

65 
 

E-Journal of Advanced Maintenance Vol.4 No.2 (2012) 63-78
Japan Society of Maintenology

The MTC depends predominantly on the hydrodynamics near the oxide-water interface.  In two-
phase (i.e., steam-water) flows, the convective transport of ferrous ions occurs only in the liquid phase 
because ferrous ions are not soluble in steam.  Therefore, steam does not carry ferrous ions and the part 
of the region occupied by steam becomes void for the mass transfer of ferrous ions.  The mass flux of 
ferrous ions, and therefore, of the FAC rate, could be calculated from the convective mass transfer in 
water if the concentration difference of ferrous ions at the oxide-water interface and in the bulk of water 
were known.  The concentration difference, however, depends on the processes inside the oxide layer 
and at the metal-oxide interface and it is currently not predictable.  Therefore, this MTC analysis cannot 
be used directly for FAC rate calculations.  However, if the mass transfer step dominates FAC, and if the 
piping length is short, the concentration difference becomes a constant and the constant allows a 
conversion of MTC into FAC rate.  For long piping, the effect of changing the bulk concentration of 
ferrous ions can be significant.  

In Equation 1, the concentration difference is usually positive and, therefore, the mass flux is 
positive and the phenomenon results in the thinning of a metal wall.  However, in general, the difference 
can be negative and, then, deposition of magnetite occurs on the wall.  This effect was observed in 
CANDU inlet feeders in the primary side, where a thick layer of magnetite of 70-80 m with large 
crystals was measured after 20 years of operation; for comparison, the thickness of the oxide layer in 
outlet feeders is from 0.5 m to 4 m.  The negative concentration difference means that the water is 
supersaturated with magnetite, which can occur if the water with dissolved magnetite is cooled.  In this 
case, the solubility of magnetite reduces and the unsaturated magnetite solution becomes supersaturated.  
The water in inlet feeders is at this state because it is cooled upstream in the steam generators. 

As mentioned before, in mass-transfer controlled FAC, the FAC rate is proportional to the mass 
flux of ferrous ions, which, in turn, depends on the MTC and concentration difference, which is the 
driving force for ferrous ions transfer.  The MTC depends on flow characteristics (velocity, steam 
quality in two-phase flows, and upstream turbulence level), geometry of the piping component, 
geometry and distance of the upstream component, surface roughness of the inside surface, physical 
properties of the transported species and of the fluid.  Material properties, including the chromium 
content, affect the transport processes of ferrous ions through the oxide layer.  For more on these flow 
effects, see Section 3, below.  

Some studies claim that FAC local effects depend on wall shear stress, not on MTC [3] [4] [5].   
This hypothesis was supported by some experimental and plant data.  The apparent success of such 
understanding in predicting FAC rates results from an analogy between momentum transfer (represented 
by the wall shear stress) and mass transfer (represented by the mass flux).  The momentum transfer-mass 
transfer analogy is valid when the main mechanism of mass transport and momentum transport is caused 
by the crosswise mixing of fluid particles due to turbulent eddies.  This occurs when the transport of 
mass or momentum is controlled predominantly by geometry.  For flows in simple geometries and with 
a Schmidt number1 of about 1 (e.g., for single-phase flow in a pipe), this analogy gives realistic results.  
For other flows, such as boundary layer flows, an analogy exists, but it is more complex.  However, the 

                                                      

 CANDU – CANada Deuterium Uranium is a registered trademark of Atomic Energy of Canada Limited.  
1 Schmidt number characterizes the properties of the transported species in the solution.  It is the ratio of the 

fluid kinematic viscosity (i.e., diffusion of momentum) to the diffusion coefficient of the diffusing species.  As an 
example, for magnetite in heavy watery water at 310°C, the value is 9.2. 

2.3 Mass Transfer Coefficient 

2.4 Wall Shear Stress Hypothesis
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momentum transfer-mass transfer analogy does not apply in many types of flow such as in recirculating 
flows, flows with a significant crosswise pressure gradient, for fluids with significant changes in 
physical properties, and in two-phase flows.  Because of these limitations, the shear stress hypothesis 
has a limited range of applicability and caution should be exercised when applying a model based on the 
hypothesis.  Some researchers suggested another role of shear stress: mechanical shearing off the oxide 
layer, especially the outer layer [4].  However, this hypothesis was not confirmed by laboratory tests or 
plant measurements.  It seems that flow velocity in NPP piping is not high enough for this effect to be 
pronounced.  Also, the role of shear stress was analyzed by Poulson [6], who concluded that “surface 
shear stress as a useful parameter to predict erosion corrosion can be refuted”. 

Over relatively long pipes or in piping systems, the concentration of ferrous ions in the bulk of the 
water increases significantly because the water picks up more ferrous ions as it flows through the pipe 
due to FAC.  The longer the pipe, the more the bulk concentration increases and the higher bulk 
concentration reduces the FAC rate by reducing the mass transfer driving force.  Based on the solubility 
data and available feeder data, it is estimated that, for an average CANDU feeder length of 10 m, the 
FAC rate at the end of the feeder reduces by 10% to 20%.  

A similar effect occurs if the water is cooled in a piping system; then, the water can get saturated or 
supersaturated with ferrous ions because the changes in water temperature affect ferrous ion solubility in 
water.  This way, the cooling effect protects CANDU inlet feeders against FAC and is described more in 
Section 2.3. 

Piping in NPPs, where possible, is made of carbon steel, but some pieces are made of low-alloy or even 
stainless steel and these different materials are usually welded together.  In such cases, an additional 
effect occurs and is called sometimes the entrance effect [7].  However, a more appropriate name is the 
chromium change effect or the mass transfer entrance effect because the entrance effect typically refers 
to the flow entrance effect.   

In practical applications, the region of the welds of different materials experiences three effects:  

1) different FAC rate for different pieces because of different chromium content in the materials; this 
effect is well known, is typically independent of flow, and can be described by the Ducreux 
relationship [8];  

2) the developing mass transfer boundary layer effect due to the chromium content change; this effect 
depends mostly on the difference in chromium content in the joined materials and is local; and  

3) the geometry effect due to the changes in the pipe wall geometry caused by the other two 
aforementioned effects.  The resulting geometry in the weld area affects the flow locally and, 
therefore, the local FAC rate.   

The first effect causes geometry changes over a long distance and the second over a short distance.  
The third effect is also local and is limited to the area immediately downstream of the weld.  All effects 
make visible changes in the geometry over a few years under NPP conditions.  The discussion below is 
limited to the mass transfer developing boundary layer effect because the other two effects are rather 
well known. 

This discussion assumes that all chemical interactions and other corrosion mechanisms, e.g., 
galvanic corrosion, in the welded region are negligible.  With a change in chromium content, a 

2.5 Unsaturation Effect

2.6 Effect of Chromium Change in Pipe Material 
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discontinuity of the concentration boundary layer occurs; it  develops at the oxide-water interface in the 
upstream material.  At the material joint, there is a sudden change in the concentration of ferrous ions at 
the oxide-water interface caused by a change in chromium content of the piping materials.  For the low 
Cr  welded  downstream material, the concentration difference between the oxide-water interface and 
the bulk water, which is the driving force for mass transfer, increases and, as a result, mass flux 
increases for the downstream material.  Downstream of the joint of different materials, the concentration 
boundary layer changes to adjust to the new concentration value of the considered species at the 
boundary.   It should be noted that at the weld, the flow boundary layer can be either fully developed or 
developing and is independent of the mass boundary layer.  This developing mass transfer boundary 
layer effect  decreases sharply with the axial distance from the material change interface.  Although 
there are few data in the literature, one can estimate the effect of different materials using a CFD code, 
e.g., Fluent®.  Such a study needs a value of the concentration of iron in equilibrium with the different 
materials, which is difficult to estimate. Another method is to use available empirical correlations for 
mass transfer or, for a similar effect, for heat transfer.  A study of mass transfer in a developing 
concentration boundary layer with fully developed velocity profiles [2] suggests that the local MTC 
depends on the ratio of the distance from the joint to the pipe inner diameter to the power of (-1/3).    

It should be noted that the mass transfer entrance effect also occurs if the upstream piece of piping 
is covered with non-metal coating or made of a non-metallic material.  For the non-metallic piece 
located downstream, no such effect exists because mass transfer of ferrous ions stops at the junction of 
the two pieces. 

3 Flow Effects 

The mass transfer coefficient primarily depends on flow.  Physical properties of the diffusing 
species (in FAC it can be ferrous ions, oxygen, or other species participating in the reactions) affect 
MTC to a small degree.  For a given species, the property effect depends on temperature as the physical 
properties such as the diffusion coefficient and viscosity depend on temperature. 

MTC correlations for a smooth wall have a velocity exponent of 0.8, while those for a rough wall 
have the velocity exponent changing from 0.8 for lower Reynolds numbers to 1.0 for very high 
Reynolds numbers2 [9].  In this context, smooth means hydrodynamically smooth: the surface asperities 
are smaller than the thickness of the laminar boundary layer; and rough means hydraulically rough with 
surface asperities higher than the thickness of the laminar boundary layer.  A review of several 
correlations [10], and their ranges of application, for rough walls concludes that the Petukhov 
correlation [11] should be used for high-flow conditions. For very high Reynolds numbers and rough 
walls, the MTC depends on the Reynolds number to the power of 1.0.  

As discussed above, the FAC rate in a straight pipe with fully developed profiles and with a rough 
surface is expected to be proportional to flow velocity.  All laboratory measurements carried out at 

                                                      

2 The difference in velocity exponent caused by surface roughness is important, although the exponent 
changes over a small range only.  For example, at a Reynolds number of 5,000,000, an average surface roughness 
of 75 µm and pipe inner diameter of 59 mm, the ratio of the MTC for rough wall to that for smooth wall is 1.8. 
This means that initially, when the surface is hydraulically smooth, the FAC rate is low but increases significantly 
as the surface roughness increases, even though all other parameters remain constant.  

3.1 Velocity 

3.1.1 Single Phase Flows 



   

68 
 

E-Journal of Advanced Maintenance Vol.4 No.2 (2012) 63-78
Japan Society of Maintenology

Atomic Energy of Canada Ltd., and conducted under feeder conditions confirm this statement.  For 
example, on-line measurement of electrical resistance of a small and thin pipe under simulated heat 
transport system conditions, 310°C and 10 MPa with pH at 10 controlled by LiOH, showed that after 
reducing velocity from 8.4 m/s to 4.2 m/s, the FAC rate changed to 50% of the previous value.  This 
change was gradual and took 3 days to reach steady state.  

It is possible that the velocity exponent is lower than 0.8, which occurs for cases where FAC rate is 
controlled partially or entirely by the mass transfer resistance of the oxide layer, or by the 
electrochemical reactions at the metal-oxide interface, or by both factors combined.  If the velocity 
exponent is higher than 1, other effects are involved.  In experiments of water with ammonia and pH 
about 9 in a pipe downstream of an orifice, Bignold et al. [12] report that the FAC rate depends on the 
MTC to the power of 3.  They proposed an explanation that the velocity affects the electrochemical 
potential, which in turn, affects magnetite solubility.  However, a significant majority of laboratory and 
plant data indicate a linear, or close to linear, relationship between the FAC rate and the flow velocity.  
Also, major computer codes for FAC rate calculations, CHECWORKS [2] and BRT-CICERO [13], use 
the linear relationship. 

Changes in surface roughness resulting from FAC also can contribute to a non-linear relationship 
between the FAC rate and the MTC.  At lower flow rates, surface roughness may be weakly developed 
and at high flow rates, surface roughness may be fully developed.  Other reasons for the reported 
nonlinearities are the calculations of the MTC from flow data, such as from the wall shear stress, instead 
of those obtained from mass transfer correlations.  In some cases, empirical data on FAC rate are close 
to a linear relationship, and a reported square function fits the data only marginally better than a linear 
approximation.  Because experiments on FAC are notoriously difficult, it is also possible that errors can 
be significant enough to affect the curve fitted function. 

Existing data on the MTC in two-phase flows are not reliable or consistent.  A review of MTC in 
two-phase flows in straight pipes [14] shows that the MTC depends on two-phase mixture velocity to an 
exponent varying from 1 to 3.  In two-phase flows, the MTC depends also on the two-phase flow regime 
although it does not depend on surface roughness [15]; therefore, the effect of scallops, which develop 
as a result of FAC on the inside surface of a pipe, is not as important as in single-phase flows.  Because 
of the lack of reliable data on MTC, NPP data on FAC rate are essential.  A review of the effect of steam 
quality3 on FAC rate in CANDU feeders [16] indicates that the FAC rate is proportional to the mixture 
velocity, where mixture velocity is defined by the homogeneous two-phase flow model.  Other NPP data 
on FAC rate in two-phase flow include many factors and it is impossible to draw definite conclusions.   

3.2 Surface Roughness 

A very good description of surface roughness effect on FAC rate is given by Poulson [6].  The 
analysis focuses on low flow rates with Reynolds numbers of up to hundreds of thousands, much below 
those occurring in NPP piping.  The inner surface of a pipe is typically smooth after commissioning, but 
over time, surface roughness develops.  Soon after commissioning, local depressions, or shallow craters, 
develop in places where the surface is irregular.  These depressions are initially randomly distributed in 

                                                      

3 In CANDU feeders, two-phase flows exist for approximately half of the time for medium-aged plants and 
has a steam quality in a range of up to 3%, which corresponds to a void fraction of up to 30%.  For straight piping, 
this range means the bubbly flow regime and the linear dependence of FAC rate versus velocity is valid.  For other 
flow regimes, the relationship is non-linear with velocity. 

3.1.2 Two-Phase Flows
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the pipe and are scattered on the surface.  Over time, the number of depressions increases until the whole 
inner surface of the pipe is covered and a semi-steady state is reached.  It is estimated that this process 
takes a few years, say 5 years, in CANDU feeders.  Commonly, these depressions are called scallops 
and they resemble a 3-dimensional fish scale.  Although the scallop shape reaches a semi-steady state, 
the scallops “move” very slowly  with the direction of flow and with penetration  into the wall.  

The process of scallop development is not fully known, although the same process controls a wide 
variety of applications such as the sand waves in riverbeds and dunes, and undulating walls in canyons 
and caves, in addition to FAC degradation in piping.  Studies on the dissolution of plaster of Paris [17] 
provide insight into the formation and growth of scallops.  These studies suggest that the formation of 
scallops is caused by flow instability at the eddy turbulence level.  

     Flow

 
 

 
Figure 1  Comparison of scallops; CANDU feeder (the top picture) and plaster of Paris (the bottom 

picture) [17].  The fluid occupies the black space in the upper part of the figures. 

An example of scallop shape is shown in Figure 1.  The scallop shape of a feeder after 12 years in 
operation and of a plaster of Paris mold [17] after a few hours of testing are very similar.  This similarity 
confirms the conclusion that the scallops formed in different systems have similar characteristics.  
CANDU artefact measurements show that an average depth of scallops in a CANDU feeder is 0.06 mm 
with an average length of 0.6 mm, and the depth range is from 0.02 mm to 0.1 mm with the length range 
is between 0.4 and 1.0 mm.  In other conditions, scallops created in steel tubes with condensing steam 
flow at a velocity of 26 m/s in an air cooler [18] are about 1 mm long (measured in the flow direction), 2 
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mm wide, and up to 1 mm deep.  The depth of the scallops measured by Blumberg and Curl [17] obtained 
from experiments of plaster of Paris is about 1/8 of the scallop diameter. 

Flow effects depend on the component geometry.  Examples of a piping component are a straight pipe, 
an elbow, a tee, a pipe expansion, and an orifice.  Each of them has a flow path and flow structure that are 
specific to the component and they influence the MTC. 

The straight pipe, except for its entrance region, does not generate a lot of turbulence and has the 
lowest MTC out of all piping components.  Therefore, it is customarily assumed that it has a reference 
MTC and its relative value, called the geometry factor, is equal to 1 when used in comparison with the 
geometry of other components.  The geometry factor is defined as the ratio of the maximum value of the 
MTC for a given piping component to the MTC for the same flow rate in a straight pipe with the same 
surface roughness and fully developed velocity and concentration profiles.  Sometimes the surface 
roughness effect is defined similarly to the geometry effect so that the ratio shows the effect of surface 
roughness for the same geometry.  

Usually, the MTC is determined experimentally and there are many methods of obtaining an 
empirical correlation of the MTC versus major parameters.  Empirical correlations for the MTC are given 
typically for an average value over the geometry area and sometimes for a maximum value within the 
geometry.  NPP operators usually need a correlation for a maximum value because they want to know the 
worst conditions.  Recent progress in computational fluid dynamics (CFD) allows for a numerical 
extension of the range of empirical correlations.  Predicting the MTC in new geometry types using this 
approach  presently gives an unacceptable error, although this extrapolation may be possible in the future 
as the CFD techniques are improved. 

If the MTC for a given geometry is known, there is no need for a geometry factor.  As an illustration 
of the geometry effect, the geometry factor for an elbow is a function of the bend radius-to-pipe diameter 
ratio and the bend angle [13].  For the ratio less than 0.85, the geometry factor is 3.2 and for the ratio of 
greater than 2.2, the geometry factor is 1.3.  For the ratio between 0.85 and 2.2, the geometry factor is a 
function of the bend angle and the ratio itself.  Other data on bends indicate that the geometry factor is also 
a function of the Reynolds number.  A numerical study of bends under very high Reynolds numbers [19] 
shows that the geometry factor reduces with an increase of the Reynolds number and reaches a value of 1.4 
for a Reynolds number of 5,000,000 and Schmidt number of 9.2 (for ferrous ions in heavy water at 300°C) 
and a ratio of bend radius to pipe diameter equal to 1.5. 

In addition to turbulence generated by the local geometry, the MTC is affected by the turbulence 
that is transported with the flow from the upstream region.  In the upstream region, there may be a 
change in geometry, flow, or even a change of roughness that increases turbulence, and, therefore, they 
increase the MTC.  Turbulence is measured by turbulence intensity, Tu, expressed in percent.  For 
typical flows in a pipe, turbulence intensity is around a few percent.  For flow downstream of an abrupt 
pipe expansion, turbulence intensity increases locally to a range of 10% to 15%.  In CANDU feeders, 
the close-radius bends experience additional turbulence due to the end fitting sideport, which turns the 
flow perpendicular from the fuel channel into the feeder pipe.  For flow in the entrance region of feeders, 

3.3 Component Geometry

3.4 Upstream Turbulence
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the measurements of turbulence intensity for a Type 64 bend at the bend exit plane [1] in water flow 
show turbulence intensity between 33% at the extrados and 16% at the intrados, with an average value 
of 20% across the plane.  For two-phase air-water flows under atmospheric pressure the values are 
higher and reach 40% at the extrados and 23% at the intrados for 30% void fraction.  This level of 
turbulence intensity significantly increases the MTC.  Literature data at Reynolds numbers of 500,000 
and 900,000 [20] indicate that this effect can be large. 

In practical applications, increased turbulence is generated by the upstream piping component.  If 
two components are close together, the downstream one has a higher MTC.  According to laboratory 
experiments [21] and a review of CANDU plant data of 196 close-proximity bends on the secondary 
side [10], the downstream bend has an FAC rate higher by 80% if the upstream bend is one pipe 
diameter or less.  The effect reduces to 10% at a distance of 10 piping diameters and this effect becomes 
practically negligible for distances greater than 10 piping diameters.  This effect can be described by an 
approximation function as follows [21]:  

FAC Rate Increase = exp(-0.231·L/d)        (Equation 2)  

where    

FAC Rate Increase 

 

Increase in FAC rate for the downstream component 
due to the upstream component effect, expressed in 
fraction of the FAC rate for the downstream 
component estimated as one component 

- 

L Distance between the end of the upstream 
component and the start of the downstream 
component 

m 

d Pipe inner diameter m 

 

In NPP applications, many factors exist together and it is their combined effect that determines the 
FAC rate.  Little is known from laboratory studies about the combined effect because there are  very few 
papers on  this aspect.  However, the combined effect can be significant, for example, the synergistic 
effect of surface roughness and free-stream turbulence at a turbulence level of 11% was determined at 
5%] more than the calculated arithmetic sum of both effects [20].   However, for lower turbulence level, 
Tu=5%, the synergy effect is negative and the combined result is 13% less than the calculated arithmetic 
sum of both effects.  Although plant data implicitly include all the effects, the parameters affecting them 
are not very well controlled and frequently not known. 

Almost all existing measurements and correlations for the MTC were established under conditions 
of low flow rates compared to those in secondary-side piping and feeders.  Laboratory data are available 
for Reynolds numbers as high as hundreds of thousands, while in piping, the Reynolds number is about 
10 times as much and is in a range from 1,000,000 to 50,000,000.  Therefore, extrapolating MTC data 

                                                      

4 Type 6 bend is fabricated from a 2.5-inch nominal pipe, with a 3.75-inch bend radius and an occluded angle 
of 73°.  Therefore, the nominal bend radius-to-pipe diameter ratio is equal 1.5. 

3.5 Combined Effects

3.6 Prediction of Mass Transfer Coefficient in NPP Piping
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from laboratory data (at moderate and high Reynolds numbers) to power plant conditions (at very high 
Reynolds numbers) can lead to significant errors.  To avoid errors due to the high-Reynolds number 
effect, MTC correlations that are valid for the required range of Reynolds numbers should be used. If 
such correlations are not available, computational fluid dynamics (CFD) flow simulation can help if, at 
least, the flow model is validated against available data for the same geometry and lower Reynolds 
numbers. 

Plant data also are affected by changes in important parameters.  NPPs undergo start-ups, 
shutdowns, and power manoeuvering and sometimes long periods with power at levels less than 100%. 
All these periods typically mean that the FAC controlling parameters change as well.  In some cases, 
water chemistry regimes (pH or pH-controlling agents) change, too.  In addition, some of the important 
parameters are not sufficiently known (e.g., initial wall thickness, scallop development in time, and 
steam quality  in two-phase flows) or not known during power changes.  All these factors affect the FAC 
rate and cause a significant uncertainty in validation of a prediction model against NPP data.  This effect 
is one of the reasons  for the large scatter observed in FAC plant data that are obtained under apparently 
the same conditions. 

4 Flow-Accelerated Corrosion in Bends  

The role of flow in bends is discussed below as an illustration of the more general considerations 
aforementioned.  Also, bends are the most typical component of piping and they frequently fail or have 
to be replaced because of excessive wall degradation. 

For bends, the MTC can be calculated from an empirical correlation obtained directly for bends or 
from a bend geometry factor.  For the latter, which is presented below, one needs also an MTC 
correlation for the straight pipe.  Therefore, the MTC for the straight pipe is presented first. 

A majority of published correlations for a straight pipe are valid for low Reynolds numbers because 
it is expensive to conduct laboratory experiments under high Reynolds numbers (i.e., under high flow 
rates and high temperatures).  Popular examples of these correlations for fully developed profiles are the 
Colburn and Dittus-Boelter correlation [22] and the Berger and Hau correlation [9], which can be 
applied for a Reynolds number of tens of and hundreds of thousands.  A correlation that is valid for  
very high Reynolds numbers (of the order of millions) is the Petukhov correlation [11].  In the entry 
region of a pipe, the MTC is higher because the profiles of velocity and concentration are not fully 
developed yet.  It reduces quickly with the distance from the entrance and the entrance effect is 
negligible for distances larger than 60 hydraulic diameters [22].  Note that some of the correlations were 
developed for heat transfer and they are applied here for mass transfer because of the analogy between 
heat and mass transfer. 

The MTC correlation, expressed by the Sherwood number, recommended for a straight pipe with 
fully developed velocity and concentration profiles, and for hydraulically smooth and hydraulically 
rough walls, valid for Reynolds numbers between 104 and 5·106, is the Petukhov correlation [11]: 
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Equation 4 

Sh Sherwood number = MTC * d / D - 
d Pipe inner diameter, or in general, hydraulic diameter m 
Re Reynolds number based on average velocity and inner pipe 

diameter 
- 

Sc Schmidt number, Sc=/D - 

 Kinematic viscosity of the liquid m2/s 
D Diffusion coefficient for ferrous ions in the water m2/s 
 Surface roughness m 

Wang [19] modelled the MTC in bends at very high Reynolds numbers and validated his numerical 
model against Achenbach experimental data [23].  He concluded that the bend geometry factor, GF - 
defined as the ratio of the maximum MTC in a bend to the MTC in a straight pipe under the same flow 
rate and diameter with fully developed velocity and concentration profiles, reduces as the Reynolds 
number increases.  His correlation, valid for bends for Reynolds numbers up to 107, for the geometry 
factor is:  
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   Equation 5

whereGF Geometry factor - 
relb Elbow radius m 

For flows with very high Reynolds numbers, of the order of millions, Sc = 9.2, and relb/d = 1.5, the 
GF is about 1.5.  For lower Reynolds numbers, GF is higher, e.g., Reference [2] reports it in a range 
from 2 to 4.   

The reduction in the geometry factor for increasing Reynolds numbers means that the additional 
turbulence generated by a bend is lower in relative terms than the turbulence generated by  undisturbed 
flow.  It is hypothesized that this reduction occurs in other piping components. 

Two examples of local FAC rate distribution and a comparison with MTC results for CANDU 
outlet feeders are given below.  In the examples, detailed measurements of plant specimens were made 
and CFD simulations of the MTC for each case were performed.  In the first example, a short-radius 
bend with the ratio of bend radius to nominal pipe diameter equal to 1.5 is analysed.  For details of the 
bend geometry, flow, and other parameters, see Table 1.  The bend is located downstream of a sudden 
turn from the end fitting at the outlet from the reactor, which increases turbulence level significantly; 
therefore, profiles of velocity and concentration at the entrance of the bend are not fully developed.  

Detailed laboratory measurements of wall thickness [24] led to local FAC rates, time-averaged over 
the time of operation, are depicted in Figure 2(a).  A numerical simulation of flow and mass transfer for 
the same bend and conditions resulted in a distribution of the MTC shown in Figure 2(b) [ 1].  The 
simulations were made using Fluent, a CFD general-purpose finite-volume code, and the computational 
region included the upstream end fitting, and a piece of the straight pipe downstream of the bend. 

4.2 Local Distribution of MTC and FAC Rate
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Although the compared parameters are different by definition, FAC rate versus MTC, the spatial 
distributions of the two parameters are similar.  The figures show that there are two local maxima of 
FAC rate: the higher maximum is on the intrados at the start of the bend and another maximum, slightly 
lower, on the extrados at the end of the bend.  For both maxima, the increase is caused by the increase in 
local velocity gradients.  The higher maximum exceeds the fully developed FAC rate in a straight pipe 
by more than 100% and is caused by the bend effect and by the increased turbulence generated upstream 
by the end fitting.  

Table 1  Bend Parameters 

Parameter Unit Short-Radius Bend Long-Radius Bend
Nominal pipe diameter in. 2.5 2 
Inner diameter mm 59.0 49.25 
Bend angle degree 73 108 
Bend radius mm 92.25 381.0 
Bend radius-to-nominal pipe diameter ratio - 1.5 7.5 
Upstream component - End fitting Long straight pipe 
Time in operation EFPY5 12.5 16.25 
Mass flow rate kg/s 26 16.15 
Fluid - D2O D2O 
Fluid temperature °C 310 310 
Fluid pressure MPa 10.0 10.0 
Reynolds number - 6.27·106 4.67·106 
Schmidt number - 9.2 9.2 
Surface roughness mm 0.075 0.075 
pHa

6 - 10.4 10.4 
pH-controlling amine - LiOH LiOH 
Bend material - A106B A106B 
Chromium content % 0.02 <0.04 
Dissolved oxygen concentration - <1·109 <1·109 

 

 
(a)       (b)  

Figure 2 Short-Radius Bend: Comparison of Measured FAC Rate [24] (a) and MTC from Flow and 
Mass Transfer Simulations [ 1] (b) 

                                                      

5 EFPY, effective full power year, is an equivalent time as if the plant were run at 100% power 
6 pHa is the pH measured in heavy water using electrodes calibrated with light-water buffers 
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The second example is a long-radius bend with the ratio of bend radius to nominal pipe diameter 
equal to 7.5.  For details of the bend geometry and other parameters see Table 1.  The measurements 
were done by a bracelet called METAR, which consists of 14 sensors that travel along the pipe. The 
sensors measured the wall thickness axially every 2.6 mm and circumferentially every 6 mm.  They 
cover a circumferential angle of 148° of the pipe and axially as long as needed.  A detailed description 
of the METAR tool is provided elsewhere [25].  The long-radius bend was in service in the primary heat 
transport system of a NPP for 16.25 EFPYs under the water chemistry and material conditions very 
similar to those for the short-radius bend.  The bend was located downstream of a straight pipe section 
of 100 diameters; therefore, it experienced fully developed profiles of flow and concentration at the bend 
entrance.  

Figure 3(a) shows the FAC rate for the long-radius bend calculated from the METAR 
measurements.  The initial wall thickness was estimated from measurements of bending effect for the 
same radius and pipe size in both the axial and circumferential directions.  Figure 3(b) shows the 
distribution of the MTC predicted by Fluent simulations of flow and mass transfer of ferrous ions under 
the operating conditions [10].  Note that the plant data are plotted only on the bend section that was 
measured i.e., 148° circumferentially, while the simulations data are shown on the full bend.  Although 
the METAR results show a significant scatter, both sets of results show a good agreement.  There are 
many factors affecting the differences and they result from both the numerical method and the 
measurement method. 

The pattern of the FAC rate for the long-radius bend is different from that for the short radius bend. 
There is one maximum only and it is located in the middle of the bend.  The MTC maximum is 40% to 
50% higher than the MTC for a straight pipe with fully developed profiles.   

 
(a)      (b) 

Figure 3  Long-Radius Bend: Comparison of Measured FAC Rate (a) and MTC from Flow 
Simulations (b) 

5 Conclusions 

The review of mass transfer effects in flow-accelerated corrosion (FAC) wall thinning of nuclear 
power plant (NPP) piping shows that:  

• While the water chemistry and materials determine the overall propensity of piping steel for 
FAC, local flow conditions determine the local distribution of FAC rate for piping components.  
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• Under NPP conditions, the mass transfer step in the mechanistic model of FAC is very 
important and frequently dominates, especially under alkaline conditions in high temperatures. 

• If the mass transfer step is important, the local distribution of FAC rate is determined by the 
local distribution of the mass transfer coefficient (MTC) for the ferrous ions in the flowing 
water. 

• The mass transfer coefficient depends on flow rate (average velocity), component geometry, 
surface roughness, upstream turbulence.  In two-phase flows, it also depends on the two-phase 
flow regime and void fraction. 

• Over time, piping surface becomes rough as a result of FAC degradation and, under outlet 
feeder conditions, roughness effect increases the MTC by 80%. 

• The geometry factor for bends decreases with an increase of the Reynolds number. 
• A significant error in evaluating the MTC may result from MTC correlations derived for low 

and intermediate Reynolds numbers (up to hundred thousands) but applied at very high 
Reynolds numbers (millions and tens of millions) that usually occur in NPP piping and 
equipment. 

• If two piping components other than straight pipes are close together, the downstream 
component experiences higher turbulence, which results in an increased MTC and FAC rate for 
this component.  This effect depends primarily on the distance between the components. 

• The analogy between momentum transfer and mass transfer is not valid in many flow types.  
Therefore, predictions of the FAC rate from wall shear stress or other flow parameters instead of 
from MTC can lead to wrong conclusions.   
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