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A. INTRODUCTION

Several names have been used in the literature to describe the effect of flow on corrosion. These
include "flow-accelerated corrosion," "flow-induced corrosion," "flow-influenced corrosion," and
"flow-enhanced corrosion." All are correct, in that there is no universally accepted terminology
for this phenomenon. The argument could be made that flow-influenced corrosion is the most
appropriate name, since the effect of flow is not always to increase corrosion. For example,
increasing flow-decreases pitting of susceptible stainless steels in chloride-containing environments.
However, the most likely, most detrimental, and hence most important effect of flow is to increase
corrosion, making flow-accelerated corrosion and flow-induced corrosion the more correct terms.
For this chapter, flow-induced corrosion is used to describe the effect of flow on corrosion. The focus
of this chapter is flow-induced corrosion by an aqueous solution in a flowing system. The effect of
flow on corrosion by a corrosive gas alone is not included. There is an emphasis on flow in pipes,
since pipe flow is the location of the vast majority of flow-induced corrosion problems.

A clear distinction between flow-induced corrosion and erosion corrosion is also necessary. The
two are not the same, as indicated by the definitions of these terms in the Glossary at the end of this
book. Flow-induced corrosion is the increased corrosion resulting from increased fluid turbulence
intensity and mass transfer as a result of the flow of a fluid over a surface. Erosion corrosion is the
increased corrosion due to the physical impact on a surface of second phase particles entrained in a
fluid. These can be solid particles entrained in a liquid or gas phase, or liquid droplets entrained in a
gas phase. The effects of erosion on corrosion are discussed in Chapters 15 and 16.

B. FLOW BASICS RELATED TO CORROSION

Corrosion is a surface phenomenon, and as such, what goes on at the metal surface has a profound
effect on corrosion. Many aspects of fluid dynamics relate to and define the interactions of a fluid
with the surface that are important to corrosion.

When a fluid flows over a solid surface, the flow is characterized as either laminar or turbulent. In
most situations, where the effect of fluid flow on corrosion is important, the flow is turbulent; so the
physical structure of turbulent flow is a primary consideration. A number of possibly unfamiliar
terms introduced in this chapter are defined in the Glossary at the end of this book. The definitions of
symbols used in equations are given in Section F.
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1. The Turbulent Boundary Layer

Fully developed turbulent flow consists of a turbulent core where the mean velocity is essentially
constant, and a boundary layer of varying fluid velocity near the solid-fluid interface. The majority
of the changes in fluid stress characteristics, turbulence, mass transfer, and fluid interaction with the
wall occur within this boundary layer.

All velocity and turbulent components of the flow must go to zero at the wall and must be very
small in the immediate vicinity of the wall. Therefore, the components of all turbulent stresses must
also go to zero at the wall, leaving only the viscous stresses of laminar flow to act on the wall. This
layer near the wall within the boundary layer, where viscous forces dominate over turbulent forces
and flow is essentially laminar, is termed the laminar sublayer. There is a transfer of turbulent energy
from the outer layer to the laminar sublayer and a turbulent diffusion of energy from the laminar
sublayer to the outer layer at approximately equal rates for established flow. A diagram of these
layers and the transfer processes is shown in Figure 1 [I].

The calculated boundary layer thickness generally referred to in the corrosion literature is related
to and representative of the true boundary layer, but is actually a defined thickness that is a linear
approximation [2]. This approximation for the diffusion boundary layer (6d) and the hydrodynamic
boundary layer (5V) is shown graphically in Figure 2. The approximation assumes that the flowing

Outer Edge of Hydrodynamic Boundary Layer

FIGURE 1. The basic structure of the turbulent boundary layer and the associated energy flow within the
boundary layer [I].
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FIGURE 2. Boundary layer thickness (6) for concentration (c) and velocity (U) profiles in a turbulent flowing
fluid [2]. (In right-hand graph, solid line = true profile; dotted line = linear approximation).



fluid can be broken down into two parts, (1) a thin boundary layer near the solid surface and (2) the
bulk solution, and that the transition occurs abruptly defining the boundary layer thickness. The basic
assumption is that momentum and mass transport occur by viscous flow and diffusion within the
boundary layer, as measured by the mass transfer coefficient (k) and the wall shear stress (iw), and by
turbulent flow and convection outside the boundary layer [2].

The turbulent boundary layer is further resolved into three regions: an outer "logarithmic" region
(30 < V+ < 100), an intermediate "buffer" region (5 < y+ < 30), and, very close to the solid wall, a
"viscous" region (y+ < 5), where y+ is the dimensionless viscous length perpendicular to the wall,
defined as y+ = y«T/v [3]. A diagram of these layers along with an idealized plot of the normalized
turbulent velocity variation is shown in Figure 3 [3]. Experimental details of the variation in
boundary layer turbulence with distance from the wall are given by Kline et al. [4] in their extensive
study into the structure of the turbulent boundary layer.

The nature of the turbulent boundary layer dictates that this is where the processes that control
corrosion and film formation will occur. All movement of corroding species to and of corrosion
products from the wall, and all chemical reactions with the wall must occur in this region. Therefore,
any disturbance in the turbulent boundary layer, particularly within the viscous region, must be a
primary factor affecting the corrosion process.

2. Boundary Layer Disruption

Disruption of the boundary layer in turbulent flow occurs primarily by the formation of turbulent
bursts and sweeps. The turbulent burst is an ejection of fluid from the wall, which also causes fluid
to impinge on the wall by the simultaneous formation of sweeps, or movement of fluid toward the
wall. Turbulent bursts and sweeps occur through the formation of vortices and the lift-up of wall
streaks [5].

One process of vortex formation and evolution into a turbulent burst proposed by Praturi and
Brodkey [6] is illustrated in Figure 4. The vortex moves with the flow and is increasingly tilted by the
mean shear in the viscous region (Stages 1 -4). At some point, the vortex becomes unstable and a
strong ejection occurs along with a rapid sweep of fluid into the viscous region (Stage 5). It is evident
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FIGURE 3. Structure of the turbulent boundary layer with an idealized plot of the normalized turbulent
velocity variation with distance from the wall, expressed as dimensionless viscous length [3].
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FIGURE 4. Progression of flow illustrating the formation of shear layer vortices and evolution into turbulent

bursts [6].

that severe pressure fluctuations must occur with the formation of a turbulent burst and during the
rapid ejection of fluid.

A slightly different model of the bursting process is given by Often and Kline [7], where a
description of the complete burst cycle is given. In this model, bursting is associated with wall
streaks and stretched and lifted vortices. All of the current theories of wall turbulence agree in the
basic structure of the turbulence, that is, the existence and interaction of turbulent bursts, ejections,
sweeps, and wall streaks. The differences lie in the mechanisms of formation of these structures and
the details of their interaction.

An excellent review of the present understanding of the turbulent boundary layer structure is
given by Robinson [8]. As a result of this review, Robinson concluded that coherent motions exist in
the viscous region, that they consist of elongated, unsteady regions of high- and low-speed streaks,
and that sweep motions dominate the viscous region. The majority of the coherent flow structures
occur in the buffer region of the turbulent boundary layer, with only sweeps and ejections penetrating
into the viscous layer [8]. Laser Doppler measurements have clearly demonstrated the presence of
turbulence in the viscous region near the wall as shown in Figure 5 [3].

The relationship of turbulent structures in the boundary layer, specifically near wall bursting
activity, and fluctuations in the wall shear stress and wall pressure were measured by Thomas and
Bull [9]. A diagram of their results is given in Figure 6. This work provides evidence of significant
variations in wall shear stress related to the boundary layer turbulence generation process that could
have a major effect on corrosion processes.

3. Flow Parameters

Fluid flow must be expressed in terms broadly related to flow parameters that are common to all
hydrodynamic systems, and that effectively define the interaction of the fluid with the metal surface.
The parameters that best fit this requirement are wall shear stress (TW) and mass transfer coefficient
(k). These parameters are calculated from empirical equations developed to characterize fluid flow.
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FIGURE 6. Wall shear stress and wall pressure fluctuations in relation to the location of near wall bursting
activity in the turbulent boundary layer [9].

3. L Wall Shear Stress Wall shear stress is a direct measure of the viscous energy loss within the
turbulent boundary layer, and is related to the intensity of turbulence in the fluid acting on the wall.
It is defined as the isothermal pressure loss in a moving fluid within an incremental length due to
fluid friction as a result of contact with a stationary wall. The mathematical definition of wall shear
stress, TW, is as follows [2]. The total shear stress, T, in a fluid moving past a fixed wall is the sum of
the viscous and Reynolds stresses, expressed as

T=v(iO~"^ (1)
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FIGURE 5. Laser Doppler measurements at y+ = 3.8, showing turbulence inside the viscous region for water
flowing in a rectangular pipe. The large peak is the main velocity component, and the small peaks represent
instantaneous velocity fluctuations [3].



where

v = kinematic viscosity (m2/s)

U = mean velocity (m/s)

y = direction _L to the surface (m)

ux and Uy = local velocity (m/s) in the x and y direction

The Reynolds stresses (uxuy) go to zero at the wall, leaving only the viscous stress in the fluid. The
wall shear stress, TW, is defined as this viscous shear stress at the wall (y = O), expressed as

—(fl.
3.2. Mass Transfer Coefficient Mass transfer defines the chemical and electrochemical effects of
fluid flow. It is basically a definition of the transport of reactive chemical species from the bulk
solution to and from the solid surface through the boundary layer. It defines the movement of
corrosive species to the metal surface and the movement of corrosion products away from the metal
surface. The diffusion layer, in which the mass transfer occurs, is roughly defined by the diffusion
mass flux density (A^B,y) as expressed in the Nernst diffusion model [1O].

v. - -n (*£L\ - -D.CJ'°~cw (s\
J J ~ \dyj- Dj 6d

 (3)

where

Wj y = mass flux density of species j in the y direction (mol/m2 s)

DJ = diffusion coefficient for species j (m2/s)

Cj = concentration of species j (mol/1)

5<j = diffusion boundary layer thickness (m)

The mass transfer coefficient, fcd, is defined as the proportionality between the mass flux density and
the concentration gradient, expressed as

fed= "J'V . (4)
(Cj,o - Cj0,)

Substituting the definition of the flux density from Eq. (3), the mass transfer coefficient is defined as

*d= J (5)
Od

3.3. Interrelationship of Mass Transfer Coefficient and Wall Shear Stress Mass transfer is
intimately linked to wall shear stress. Thus, changes in flow parameters that affect one result in
changes in the other. The diffusion coefficient is related to the wall shear stress through the Chilton
Colburn analogy:

/T \°'5

^(7) (6)



where

p = fluid density (kg/m3)

This relationship is more precisely defined as

/T \°'5

to = 17.241 — ) Sc2/3 for So 100 (7)
V P /

where

Sc = the dimensionless Schmidt number.

C. INTERACTION OF FLOWAND AQUEOUS CORROSION

1. Flow and Liquid Water

At the temperatures and pressures encountered in most regions where flow-induced corrosion is a
consideration, corrosion only occurs in the presence of an aqueous (water) phase. Therefore, the
effect of flow on corrosion is determined by the effect of flow on the occurrence, degree of tur-
bulence, and location of this aqueous phase. For corrosion to occur, the aqueous phase does not need
to be a large mass, and may only exist as a thin film on the metal surface.

/./. Single-Phase Flow Single-phase flow is flow consisting of only one phase, gas or liquid. In
single-phase aqueous systems there is a flow pattern that consists of a turbulent core and a boundary
layer near the solid-fluid interface as described earlier. All of the mass and momentum transfer to
the boundary layer occurs through this turbulent core. The equations and relationships discussed in
the sections on wall shear stress and mass transfer are directly applicable to the single-phase flow
situation.

1.2. Multiphase Flow For multiphase flow the volume flow rates of the various phases affect the
resulting flow pattern, called the "flow regime." The flow regime is a primary consideration in the
determination of flow-induced corrosion in multiphase flow. The result is that, for corrosion, the
consideration of two (gas/water or hydrocarbon/water) or three (gas/hydrocarbon/water) phase
flow, and local inclination have significant consequences. The basic criteria for flow-induced
corrosion in multiphase flow is that an aqueous phase must be present, and it must be in contact
with the metal surface.

A diagram of the flow regimes encountered in two-phase gas/water horizontal flow and the flow
regime map is given in Figure 7 [11]. The bubbly flow regime occurs in liquid systems with low gas
and high liquid rates. The most common flow regimes observed in gas systems are stratified flow,
slug flow, and annular flow.

Stratified flow occurs at low liquid rates, or when a liquid phase condenses. The liquid in stratified
flow is generally stagnant, or very low flow, with low turbulence. Slug flow occurs at higher produced
fluid rates, with little contribution from condensed liquid, and is characterized by very high
turbulence, with a corresponding influence on corrosion [1O]. Annular flow occurs at very high gas
rates over a wide range of liquid production rates. Turbulence in annular flow with respect to the
effects on corrosion is not well characterized.

A diagram of the flow regimes encountered in two-phase hydrocarbon/water horizontal flow is
given in Figure 8 [12]. When a hydrocarbon phase is present, the significant aspect of the flow regime
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FIGURE 7. Flow regimes and a typical flow regime map for two phase gas/water flow in horizontal pipes [11].
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FIGURE 8. Flow regimes for two phase oil/water flow in horizontal pipes [12].

with respect to corrosion is the separation of the hydrocarbon and water liquid phases, or the level of
turbulence required to eliminate the water phase as a separate entity contacting the metal wall.

A diagram of the flow regimes encountered in three-phase gas/hydrocarbon/water horizontal
flow and the flow regime map is given in Figure 9 [13]. Three phase flow combines the characteristics
of the two phase gas/water and hydrocarbon/water flow regimes. The gas phase adds a high degree
of turbulence, but the primary corrosion concern is the contact of water with the metal wall.
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FIGURE 9. Flow regimes and a typical flow regime map for three phase gas/oil/water flow in horizontal
pipes [13].



TABLE 1. Flow Regime Influence on Corrosion Type"

Flow Regime

Gas/water 2 phase
Stratified flow

Slug flow
Annular flow

Hydrocarbon/water 2 phase
Segregated flow

Mixed flow
Dispersed flow

Gas/hydrocarbon/water 3 phase
Stratified flow

Slug flow
Annular flow

Free Water Location

Bottom

Mostly bottom, mixed
circumferential

Bottom

Mostly bottom, mixed
mixed

Bottom, separated

Mostly bottom, mixed
circumferential

Water Turbulence

Stagnant to laminar

Very turbulent
turbulent

Stagnant to laminar

Laminar to turbulent
turbulent

Stagnant to laminar

Very turbulent
possibly turbulent

Corrosion Type

Corrosion under deposits
Pitting of stainless steels
Flow induced corrosion
Flow-induced corrosion

Corrosion under deposits
Pitting of stainless steels
Corrosion under deposits
Flow induced corrosion6

Corrosion under deposits
Pitting of stainless steels
Flow-induced corrosion
How-induced corrosion

a See [15].
b Only if the hydrocarbon water mixed phase is water external, that is, contacts the pipe wall.

The flow regime maps shown are for horizontal flow, and are significantly altered for inclined
flow [14]. The effect of inclination is particularly important for the occurrence and severity of slug
flow with upward inclination, where both the frequency and intensity of the slug increases [14]. This
is particularly significant due to the dramatic effect of slug flow on corrosion [13].

A generalized summary of the types of corrosion expected for the flow regimes, along with the
location of free water and the water turbulence, is outlined in Table 1 [15]. The flow regimes where
flow-induced corrosion is expected are defined in this table.

2. The Effect of Disturbed Flow

Flow-induced corrosion failures in many environments occur in areas where equilibrium flow
patterns are disrupted, termed regions of disturbed flow [15-18]. Examples of these disturbed flow
locations are

Downstream of weld beads.
Downstream of pipe fittings.
At pipe joints and upsets.
At preexisting pits.
Downstream of valves.
Downstream of orifice plates.
At bends and elbows in piping.
At heat exchanger tube inlets.

The flow disturbance destroys the equilibrium hydrodynamic boundary layer and the diffusion
boundary layer. The effect of this boundary layer disruption from disturbed flow is the production
of a steady-state corrosion situation, where the normal equilibrium corrosion reactions cannot
be maintained. Instead, a kinetic steady-state condition is established. The result is increased
corrosion at the location of the flow disturbance, although the corrosion rate in the bulk of the
piping is low. The corrosion pattern appears as large pits or corroded areas, often showing the signs



• Disrupted hydrodynamic boundary layer, steady state wall shear stress
• Disrupted diffusion boundary layer, steady state mass transfer

FIGURE 10. Hydrodynamic and diffusion boundary layer for disrupted flow over a weld bead [15].

of flow direction. A schematic of the effect of disturbed flow over a weld bead is shown in Figure 10
[15].

3. Will Flow-Induced Corrosion Occur?

The logic tree employed to determine the type of flow-induced corrosion expected in an operating
system is outlined in Figure 11 [15]. This procedure provides the means to determine whether
equilibrium or steady-state corrosion conditions are present.

The first step is to determine if liquid water is present. If it is not, no corrosion can occur.
Similarly, if liquid water cannot contact the pipe wall, no corrosion can occur. The determination of
the level of turbulence in the water phase from both the flow regimes and the existence of flow
disruption then determines whether or not the corrosion reactions are based on equilibrium or steady-
state conditions. Steady-state conditions can occur due to either flow disruptions or a nonequilibrium
flow regime such as slug flow. Once either steady-state or equilibrium corrosion is confirmed, the
expected corrosion rate can be determined. The term "equilibrium" is used to denote a fully
developed condition for either mass transfer or wall shear stress.

FIGURE 11. Logic tree to determine the type of flow-induced corrosion in an operating system [15].

Equilibrium hydrodynamic and
diffusion boundary layers

Equilibrium hydrodynamic
and diffusion boundary
layers reestablished

Equilibrium hydrodynamic
and diffusion boundary
layers destroyed, steady
state established



D. TESTING FOR FLOW-INDUCED CORROSION

Fluid velocity was long used as the primary parameter for scale up of laboratory test results to
field applications, but this concept began changing in the 1970s. Data relating the calculated
hydrodynamic parameter of wall shear stress to corrosion were first published by Efird in 1977 for
copper alloys in flowing seawater [19]. Corrosion science now understands that fluid flow must be
expressed in terms broadly related to fluid flow parameters common to all hydrodynamic systems to
allow application of laboratory test data to field operations [20-29]. These hydrodynamic para-
meters are calculated from empirical equations developed to characterize fluid flow. The hydrody-
namic parameters employed are wall shear stress (TW) and mass transfer coefficient (&). Details of test
techniques are given in Chapter 68.

1. Correlation of Laboratory Test Data to Operating Facilities

The two primary considerations in the correlation of laboratory data to corrosion in operating
facilities are the material tested and the laboratory test procedure. The material tested must
correspond as closely as possible to the material used in the facility in both alloy chemistry and
metallurgical structure. The laboratory corrosion tests for flow-induced corrosion must be conducted
in a manner that allows calculation of the mass transfer coefficient or wall shear stress [20-29].
Experimentally determined corrosion rates are then applied to the operating facilities for identical
calculated hydrodynamic parameters. The basic assumptions are that

The calculation of the hydrodynamic parameters is valid.
The calculated hydrodynamic parameters are those controlling corrosion, or are intimately
related to them.
Scale-up of these hydrodynamic parameters to field operations with respect to corrosion is valid.

Both wall stress (TW) and the mass transfer coefficient (k) meet these basic criteria. The process of
correlating laboratory data to field operations is outlined in Figure 12 [23].

The existing applicable equations for both wall shear stress and mass-transfer coefficient assume
equilibrium conditions. As previously discussed, both equilibrium and disturbed flow, steady-state

Assumed equilibrium conditions

LABORATORY
FLOW

CONDITIONS

FIELD
FLOW

CONDITIONS

Equations assuming
hydrodynamic

equivalence

Assumed equilibrium conditions

FIGURE 12. Process for relating laboratory data to field applications using Equilibrium hydrodynamic
conditions [23].



FIGURE 13. Methodology for correlation of the experimental corrosion rate to the disturbed flow corrosion
rate in an operating system [15].

conditions exist in operating systems. While the existing equations and test methods are effectively
used for equilibrium flow conditions in operating systems, they may not be applicable to disturbed
flow conditions.

The basic methodology for correlating an experimentally determined corrosion rate to
allow prediction of the corrosion rate for disturbed flow in an operating system is outlined in
Figure 13 [15]. This provides a procedure to relate the results of a corrosion test directly to corrosion
in an operating system where disturbed flow conditions are expected, or must be considered.

The steps in the process areas follows:

The steady-state mass transfer, as defined by the limiting diffusion current density, is measured
as a function of wall shear stress using a reversible, well-characterized electrochemical
reaction.

The equation relating the wall shear stress or mass transfer coefficient to the limiting diffusion
current density is defined.

The experimental apparatus for the corrosion measurements is calibrated by measuring the
limiting diffusion current density for the same reaction as a function of a convenient flow
parameter.

Applying the equation relating the wall shear stress or mass transfer coefficient to the limiting
diffusion current density allows calibration as a function of the flow parameter.

The corrosion rates obtained in the calibrated test apparatus are related to the calculated
disturbed flow wall shear stress or mass transfer coefficient in the operating system, allowing
estimation of the expected corrosion rates in the operating system for disturbed flow.

E. CONTROLLING FLOW-INDUCED CORROSION

A number of methods are available to control flow-induced corrosion. These methods can involve
design modifications, process changes, and modifications to the corrosive environment. The methods
include any one or a combination of the following:

Minimizing fluid turbulence.
Using a more corrosion resistant alloy.



Modification of the flowing fluid.
Minimizing flow disruptions.
Modification of the flow regimes.

1. Minimize Fluid Turbulence

Applied to single-phase systems, lowering the fluid velocity lowers the turbulence intensity (mass
transfer and wall shear stress), and hence lowers the corrosion rate. This effect is demonstrated in
Figure 14 for corrosion of carbon steel in single-phase fluid flow at varying chloride concentrations
[25]. Though intuitively obvious, this method of control is not always available due to process and
equipment limitations.

Many industries have established "rule of thumb" velocity limits for various processes. These are
generally based on operational experience regarding flow velocities where corrosion rates increase
dramatically. In reality, these "rules" serve to limit the turbulence intensity (mass transfer and wall
shear stress), thereby effectively limiting the corrosion rate.

2. Corrosion Resistant Alloys

In some cases, the only alternative available to prevent flow-induced corrosion is the use of a more
corrosion resistant alloy. This is usually the most expensive option, and is generally only a last resort.
An example is the use of a stainless steel in a situation where high flow rates result in excessively
high corrosion rates for carbon or alloy steel.

Corrosion resistant alloys may also experience turbulence limits in different environments, and
the use of a corrosion resistant alloy should not, a priori, be assumed as the final answer to a flow-
induced corrosion problem. In some cases, low flow can be a problem such as the use of some
stainless steels in chloride environments where pitting can occur under deposits.

3. Modify the Flowing Fluid

There are two ways to control flow-induced corrosion by modification of the flowing fluid. These are
removal of a corrosive species and the addition of corrosion inhibitors. These methods are also used
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FIGURE 14. The effect of single-phase flow on corrosion rate at different chloride concentrations [25].



to control corrosion where flow is not a problem, but they can be particularly effective for flow-
induced corrosion.

Removal of a corrosive species limits the diffusion of the corrosive species to the metal surface,
thereby reducing the corrosion rate. The addition of corrosion inhibitors modifies the corrosion
product formed on the surface, making it more protective and lowering the corrosion rate. The
corrosion inhibitor formulations are often designed to modify turbulence in the fluid through
alterations in viscosity and interfacial surface tension.

Examples of controlling flow-induced corrosion by removal of corrosive species are the removal
of oxygen from seawater and raising the pH of a brine solution. The removal of oxygen, through
either mechanical or chemical means, reduces the oxygen concentration in the solution. Conse-
quently, the mass transfer of oxygen to the corroding metal surface is reduced, reducing the corrosion
rate. Raising the pH results in a decrease in the concentration of hydrogen ions in a solution. As with
oxygen, this reduction results in a decreased mass transfer of hydrogen ion to the corroding metal
surface, reducing the corrosion rate.

4. Minimize Flow Disruptions

As previously discussed, flow disruptions are a major contributor to flow-induced corrosion and
resulting failures. As a result, minimizing flow disruptions in equipment design and construction is
important. Ways to minimize flow disruptions include the following:

Minimize the mismatch when welding pipe joints and fittings.
Grind internal welds smooth, when possible.
Use long radius elbows.
Avoid step changes in diameter.
Ream and deburr tubing ends before installation.
Protect stored pipe to prevent internal corrosion before it goes into service.
Do not use corroded pipe that contains internal pits, even if it still meets the required strength
criteria.

5. Modify Flow Regimes

Row regime modification is used primarily for pipelines. Flow regimes are modified by changing the
gas and/or liquid flow rates in a pipeline. The effects of these changes on flow regime are reflected in
the flow regime maps. Resolution of the flow regime existing in various sections of a pipeline can be
used to determine where to expect corrosion in the pipeline, and consequently where to monitor
corrosion.

In the design stage, pipeline sizes can be adjusted to prevent slug flow at the anticipated liquid and
gas flow rates. If the anticipated problem is corrosion under deposits in the bottom of the pipeline, the
pipe size can be adjusted to eliminate stratified flow and keep the deposits suspended in the fluid.

F. SYMBOLS

C concentration (mol/1)
D Diffusion coefficient (m2/s)
d Diameter (m)
i Current density (A/m2)
k Mass transfer coefficient (m/s)
L Characteristic length (m)
Af Mass flux density (mol/m2s)
P Pressure (Pa, kg/m s2)



RCOT Corrosion rate (mm/y, mpy)
T Temperature (0C)
t Time (s)
U Mean velocity (m/s)
u Local velocity (m/s)
jc Direction parallel to surface (m)
v Direction _L to the surface (m)
V+ Viscous length = VW T /V (dimensionless)
z Direction parallel to the surface but _L to the flow direction (m)

GREEK SYMBOLS

5 Boundary layer thickness (m)
p Density (kg/m3)
jj. Dynamic viscosity (kg/m s)
v Kinematic viscosity (m2/s)
T Shear stress (Wm2)

SUBSCRIPTS

b Boundary layer
cor Corrosion
d Diffusion
f Final or ending
i Initial or beginning
j Species "j"
lim Limiting
o Standard or primary
t Value at time t
w Wall or electrode surface
x Direction parallel to surface
y Direction J_ to surface
+ Normalized dimensionless form

DIMENSIONLESS GROUPS

/ Friction factor (jfc\

Re Reynold's number №\

Sc Schmidt number (jj\
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