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Flow-Dependent Corrosion in Turbulent Pipe Flow 

Flow-dependent corrosion in turbulent pipe flow is a complex process with enhanced 

mass transport, development of concentration gradients and film formation which ail 

affect the corrosion rate. The objectives of this study are the numerical simulation and 

experimental investigation of the effects of fiow on the corrosion rate and film formation 

and disruption under both attached and disturbed flow conditions. 

The turbulence model (based on Launder and Spalding's standard k-E model) is 

modified with a recently developed low Reynolds number (LRN) mode1 in the near wall 

region. This modification enables the near-wall limiting behavior to be reproduced 

correctly and the species concenûation to be detefmined al1 the way d o m  to the wall, 

which makes it possible to detennine pipe-wall mass transfer accurately. 

Comparison has been made'between the simulation with the LRN k-E mode1 and the 

experimental results of others for the mass transfer. Good agreement is reported between 

the predictions and the experimental results in both the mass transfer entry length and the 

hlly developed region. Effects of mass transfer on the corrosion of metals are simulated 

throughout the mass transfer entrance region. Profiles of corrosion rate, surface metal ion 

concentration and surface pH for corrosion under charge -fer control; oxygen-mass 

transfer control; and anodic partial mass transfer control are presented. The concentration 

profiles dong the entrance region are discussed in terms of their effects on film 

formation. The turbulence model is also applied to the numerical simulation of the effects 

of both electrode misalignment and electrode length on corrosion rate measurements in 

turbulent pipe flow. Both protruding and recessed electrodes are considered with 

rnisalignment in the range O to 500 Pm. The formation and disruption of the corrosion 

films on a flat copper surface in flowing 3% NaCl solutions are also studied under 

disturbed flow conditions. The development and destruction of the corrosion films are 

observed through the transparent ce11 top. The resulting interactions between the 

disturbed flow and the film are discussed in terms of the near-wall turbulence parameter 

profiles and the mass transfer profile dong the length of flow cell, calculated using LRN 

k-E turbuIence model. 
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Abstract 

Flow-dependent corrosion in turbulent pipe flow is a complex process with 

enhanced mass transport, development of concentration gradients and film formation 

which al1 affect the corrosion rate. Flow-dependent corrosion can be accelerated in the 

mass transfer entry length, where the concentration boundary layers of both oxidants and 

corrosion products are developing, and under disturbed flow condition, where the high 

intensity fluctuations produced by flow sepadon  and reattachrnent can dishirb the mass 

transfer boundary layer and disrupt corrosion product films if they are present on the 

met al surface. 

This thesis describes the application of the low Reynolds nurnber (LRN) k-E eddy 

viscosity mode1 and an electrochemical (or corrosion) model to simulate the corrosion 

rate, the metaYsolution interface concentration of both oxidants and corrosion products, 

and the film formation conditions in turbulent pipe flow. The overall objectives of this 

study were the numerical simulation and experimental investigation of the effects of 

flow on the corrosion rate and film formation and disruption under both attached and 

disturbed flow conditions. 

The turbulence model used in this study is based on the standard k-E model 

proposed by Launder and Spalding (1 974). The model was modified with a recently 



developed LRN model (Abe et al, 1994) in the near wall region which enables the 

calculation of species concentration al1 the way down to the wall. The mass transfer was 

modelled by simultaneously solving the transport equation for mass, mornentum, kinetic 

energy of turbulence and its dissipation as well as species concentration. The corrosion 

model was developed to constnict Mogi diagrams which take into account the effects of 

mass transfer resistance on the anodic and cathodic reactions. 

The pipe-wall mass transfer in the rnass transfer entrance region has been 

simulated with LRN k-E model and tested against the experirnental results of Berger and 

Hau (1977), in the range Re=lO4 to 105, for Sc=2244, and of Son and Hanratty (1967), 

in the range Re=1 O4 to 5x 1 04, for Sc=MOO, in both the mass transfer entrance region and 

the fully developed region and good agreement was reported. The application of small 

cathodes embedded in a larger active cathode to rneasure local mass transfer rates was 

also simulated. The size of the electrode and the thickness of the electrical insulation 

around the small electrode give rise to errors that increase as the insulation thickness 

increases and the electrode size decreases. 

Effects of mass transfer on the corrosion of metals were simulated throughout the 

mass transfer entrance region in turbulent pipe flow. Iron was chosen to represent metals 

with a low exchange current density and copper those whose anodic dissolution is more 

reversible. Profiles of corrosion rate, surface metal ion concentration and surface pH for 

corrosion under charge tram fer control; oxygen-rnass trans fer contro 1; and anodic partial 



mass transfer control are presented. The concentration profiles along the entrance region 

are discussed in terms of their effect on film formation. 

The turbulence models have also been applied to the numerical simulation of the 

effect of electrode rnisalignment on corrosion rate measurements in turbulent pipe flow. 

The effect of the mass transfer entry length was also taken into consideration. Both 

protruding and recessed electrodes were considered with misalignment in the range O to 

500 Pm. The determination of the effect for p a d d y  mass transfer controlled corrosion 

rate measurements is illustrated. 

The formation and disruption of the corrosion films on a flat copper surface in 

Bowing 3% NaCl solutions were also snidied in a flow ce11 with a rectangular cross 

section, 50 mm wide x 15 mm hi&. The 140 mm long copper deck and the symmetrical 

cover had backward and forward facing 2 mm steps to form a consûiction resulting in 

dishirbed fIow in the imrnediate downstream region of the sudden constriction and the 

recirculation zone downstream of the sudden expansion. The bulk veiocity range based 

on the unconstricted cross section of the Bow cell was 0.3-1.49 mis. The development 

and destruction of the corrosion films were observed through the transparent ceil top. 

The resulting interactions between the disturbed flow and the films are discussed in 

terms of the near-wall turbulence parameter profiles and the mass transfer profile along 

the length of flow cell, calculated by the application of LRN k-E turbulence model. 

vii 
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CHAPTER I .  /NTRODUCTIQN 

Introduction 

The effect of fluid flow on corrosion is a subject of continuhg scientific interest 

and practical concem for the testing of materials, prediction of performance in the field, 

and modelling of the corrosion process at a hindarnental level. The corrosion that is 

associated with or affected by fluid Bow is ofien called flow-dependent corrosion, which 

cm be classified hto flow-accelerated corrosion and erosion-corrosion in single phase 

liquid flow. Flow-accelerated corrosion can be defined as increased corrosion frorn 

increasing turbulence intensity and mass transfer as a result of the fiow of a Buid over a 

surface (Efird et al, 1993). Erosion-corrosion is defined as accelerated corrosion as a 

result of the degradation andlor removal of protective film on metal surface due to the 

impingement of fluid as a result of the flow of fluid over the metai surface. The present 

study addressed both flow-accelerated corrosion and erosion-corrosion. 

Flow-dependent corrosion can occur in a variety of industrial systems including 

oil/gas production piping systems, power plant piping systems, and heat exchangers and 

condensers. Flow-dependent corrosion c m  result in serious damage and possible 
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catastrophic failure of these system h m  both a safety and econornic point of view 

(Chexal et al, 1996). 

Flow-dependent corrosion in pipe flow can be enhanced in the mass transfer 

entrance region where the concentration boundary layers of both oxidants (e.g. 0, and 

IT) and corrosion products (e.g. Fe", Cut, and Cu2') are developing. Also higher 

corrosion rates occur under disturbed flow conditions where fiow separation and 

reattachment produce high intensity turbulence and mass transfer that c m  lead to an 

increased corrosion rate. The hi& intensity fluctuations can also cause the disruption of 

protective film if they are present on metal surface. 

The overall objectives of this study were the nurnencal simulation and 

experimental investigation of the effects of flow on the corrosion rate, film formation 

and film disruption under both attached and dishirbed flow conditions. The detailed 

objectives were: 

O Investigation of effects of mass transfer on the corrosion rate, surface metal ion 

concentration and surface pH in mass transfer entrance region and the prediction of 

the possibility of film formation on the corroding metal surface using a L W  k-E 

model and an electrochemical model. 

r Prediction of the effect of electrode rnisalignment and electrode length on 

electrochemical corrosion rate rneasurements in turbulent pipe flow using a LRN k-E 

model. 
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Determination of the flow conditions (flow rate, geometncal structure of the test cell) 

under which the formation and removal of corrosion product films are observed. 

Correlation of observed film formation and disruption condition with modelled near- 

wall turbulence profile, mass transfer profile and surface concentration profiles of 

corroded species and pH profile dong the length of copper specimen corroding under 

disturbed flow condition. 

This study is a continuation of the previous work done in the same laboratory on 

straight pipe erosion-corrosion in single phase and two phase flows (Postlethwaite et al, 

1986; Nesic and Postlethwaite, 1990; 199 1 a; 199 1 b; 199 lc). The "original" numerical 

code (using a k-E turbulence model) which was used by Nesic (1991) and Adamopoulos 

(1995) was fine-tuned and modified with a recently developed low Reynolds number 

( L w  model in the near wall region. This modification can satisQ the wall limiting 

behavior and enable the calculation of variables concemed al1 the way down to the wall. 

An electrochemical model was also developed which is based on the rate equations for 

the anodic dissolution of the metal and cathodic reduction of the oxidants concemed. 

This electrochemical mode1 took into account the effect of mass transport of both 

reactants and corrosion products so that the surface metal ion concentration and surface 

pH can be predicted. 

In the following chapter (Chapter 2), the existing research results on modelling 

studies in turbulent flow, modelling and experimental studies on mass transfer and 

modelling studies on corrosion under attached and disturbed Bow conditions have been 
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reviewed. The studies of the stability of corrosion film on copper surface in flowing 

NaCl solution have also been reviewed in this chapter. 

In Chapters 3, 4, and 5, the models of turbulence, mass transfer, and corrosion 

used in present studies are described. The turbulence model which is based on the 

standard k-E eddy viscosity turbulence model proposed by Launder and Spalding (1 974) 

was described, together with a iow Reynolds number (LRN) formulation for the near 

wall region. For the model of mass transfer, the time-averaged transport equation for 

species was descnbed, as well as the eddy difisivity relation used in the transport 

equation. The species transport equation has been solved simultaneously with the 

transport equations of flow, using a LRN rnodel in the near-wall region. Special attention 

has been paid to the arrangement of the grid points in the near-wall region in order to 

evaluate the mass transfer coefficient accurately. In the corrosion model, a mechanistic 

mode1 taking into account mass bans fer effects has been adopted which is based on the 

rate equations for the anodic dissolution of the metals concemed (Cu, Fe) and for the 

cathodic reduction of oxidants such as O,, H'. 

In Chapter 6, the LRN k-E turbulence model was b t  used to predict the mass 

transfer coefficients in the m a s  transfer entrance region (Wang et al, 1996), and 

compared with previous experirnental measurements (Berger and Hau, 1977; Son and 

Hanratty, 1967). Then, the k-e turbulence model and the electrochemical model are used 

to predict corrosion rates, corrosion product concentration and pH on metal surfaces, and 

film formation condition in the mass transfer entry length (Wang and Postlethwaite, 
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1997). Both the k-E turbulence mode1 and the corrosion model were fiirther used to 

predict the effect of electrode misalignrnent and electrode length on the electrochemical 

corrosion rate measurement (Wang et al, 1997; Postlethwaite and Wang, 1996). Some 

experimental studies were made to determine the flow conditions under which the 

foxmation and removal of comosion product fih are observed. The experimental 

observations were discussed in relation to the modelled near-wall turbulence, wall shear 

stress, mass transfer and corrosion product concentration and pH on metal surface, 

predicted using the LRN k-E turbulence model and the corrosion model. 

Conclusions were made based on the present studies and hture work was 

recommended. These are presented in Chapter 7. 
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2. Literature Review 

2.1. Introduction 

Flow-dependent corrosion in turbulent pipe flow is a cornplex process with 

enhanced mass transport, development of a concentration gradient and film formation 

which al1 affect the corrosion rate. The study of flow-dependent corrosion covered in this 

thesis includes several individual topics such as mass transfer entrance length, corrosion 

in mass transfer entrance length, effects of entrance length and electrode misalignment 

on corrosion rate measurement, and film growth and removal under disturbed flow 

conditions. Since this study is primarily devoted to the modelling of mass transfer and 

corrosion in turbulent pipe flow under attached and disturbed fiow conditions, previous 

modelling studies on turbulence fiow, mass transfer and corrosion are reviewed in this 

section. Related experimental shidies are also mentioned since these experirnentai 

studies cm be used to validate the turbulence model in the prediction of the 

hydrodynamic parameters and mass transfer parameters or as  a benchmark for the 

development of the corrosion model. The literature review consists of the following four 
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parts: 1). Modelling studies in turbulent pipe flow; 2). Modelling and experimental 

studies on mass Transfer; 3). Modelling studies on corrosion, 4). Copper corrosion in 

fiowing chloride solution. 

2.2. Modelling Studies in Turbulent Pipe Flow 

The turbulence models can be classified as: zero-, one-, or two-equation models; 

Reynolds stress model; large eddy simulation; and direct numerical simulation models. 

The n-equation model represents a model that requires solution of n additional 

digerential transport equations in addition to those expressing the transport equations of 

mass and momentum. 

The zero-equation model (also called algebraic model) is the simplest turbulence 

model to use the Boussinesq eddy-viscosity concept. The k t  zero-equation model, 

called the mixing-length model, was suggested by Prandtl (1925). It relates the eddy 

viscosity to the local mean-velocity gradient and invo lves a single h o w n  parameter, 

the mixing length, Z,, and can be expressed as follows: 

There are many other zero-equation models such as the ones of Cebeci and Smith (1974) 

and Baldwin and Lomax (1978). Such models can only be applied to relatively simple 

flow where lm can be specified by simple empirical fomulae and lack generality. 
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One-equation models also use the eddy viscosity concept. In such models (e.g. 

Goldberg, 1991) the Kolmogorov-Prandtl expression ( v ,  = C,koSI) is used where k, 

kinetic energy of turbulence, can be deterrnined by solving the transport equation of this 

quantity, while Z, the length scale, needs to be specified. Although the one-equation 

model performs better than the zero-mode1 in general, it still cannot account for more 

complex flow because of the difficdty of specifjmg empirically the length-scale 

distribution in more complex flow. To reach a more-nearly universal model, especially 

for separated flow, more advanced models are needed in which transport effects on the 

turbulence length scale are dso accounted for. 

Two-equation models provide computations not only for k, but also for the 

turbulent length scale or equivalent. Consequently, two-equation models are complete 

and c m  be used to predict properties of a given turbulent flow without prior knowledge 

of the turbulence structure. The most popular two-equation mode1 is the k-E model, 

which was first proposed by Jones and Launder (1972). In the k-E model the turbulent 

length scale in the Kolmogorov-Prandtl expression (v,  = C,k0.51) is expressed as: 

1 a kK/c . Other two-equation models include k - o  model ( S m a n  and Wilcox, 1974) 

and k-kl model (Rotta, 1951). The k-8 mode1 has been used in this study since the model 

has been well established for shear-layers and confined recirculating flows and is 

becoming a powerfil tool for solution of many engineering problems. 
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Unlike the zero-, one- and two-eqmtion models where the Reynolds stresses, 

u,' u j f  , are modelled using eddy viscosity mode1 relation, the Reynolds stress mode1 

aims to calculate Cu, '  by solving the transport equations themselves. These transport 

equations can be derived in exact form, but they contain higher order correlations that 

have to be approximated in order to obtain a closed system. The increased complexity of 

the equations and the large arnount of computational effort required are counterbalanced 

by more accurate solutions especially for the Reynolds shear stress. Reynolds stress 

models have been used in the simulation of complex turbulent flows (Farhanieh et al, 

1993; Nikjooy and Mongia, 1991), and will become more popular as more powerful 

cornputen are available in the near fiiture. 

The idea for large eddy simulation (LES) is to do a three-dimensional time- 

dependent numerical computation of the large-scale turbulence while modelling the 

small-scale motions. The underlying premise is that the largest eddies are directly 

affected by the boundary conditions and must be computed. By contrast, the small-scale 

turbulence is more nearly isotropie and has universal characteristics; it is thus more 

amenable to modelling. A direct numerical simulation @NS) means a complete time- 

dependent solution of the Navier-Stokes and continuity equations (Kim et at, 1987). 

Although the cost of such simulations is still high with computers of the early 19903s, 

both LES and DNS will receive extensive application as more and more powerful 

computers appear in the fiiture. 
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In this study attention will be focused on the application of the k-E model to 

calculate the mass transfer coefficient, near-wall turbulence parameten and wall shear 

stress in turbulent pipe (or duct) flow under attached and disturbed flow conditions. A 

few previous simulation studies in straight pipe flow will be reviewed, as well as some 

simulation studies on axisymetric flow in a sudden pipe (or duct) expansion or 

constriction are also reviewed since part work of this study involves flow in a pipe with 

a sudden change in pipe diameter. As indicated by Nallasamy (1987), flow in a pipe 

expansion is one of the basic problems encountered in common engineering flow 

systems. The separated, reattached and recirculating flow downstrearn of the expansion 

greatly affects the transport of momentum, heat and mass, which lead to enhanced heat 

and mass transfer rate. 

2.2.1. Straight Pipe under Attached Flow Conditions 

A fonn of the k-E turbulence model was first proposed by Harlow and Nakayama 

(1968). Jones and Launder (1972; 1973) and Launder and Spalding (1974) presented 

more detailed descriptions of the k-E model and reviewed sorne predictions using the k-E 

model. in nature, the k-E mode1 is valid only for fully turbulent Bows. in the near wall 

regions, the local turbulent Reynolds nurnber is so small that viscous effects 

predominate over turbulent ones. Two methods have been developed to account for near 

wall regions in numerical methods for computing turbulent flow: the wall function (WF) 

method and low-Reynolds nurnber (LRN) method. In the wall b c t i o n  method, the first 

node close to the wall is placed in the region where y' is between 30 to 150 and a 
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unifoxm shear stress prevails. This results in the "logarithrnic velocity profile" and the 

generation and dissipation of energy are in balance (Launder and Spalding, 1974). 

Application of the low Reynolds number method extends the k-F mode1 from fully 

turbulent flow to the laminar flow in the near-wall region. Launder and Spalding (1974) 

compared the predicted velocity profile ushg a low Reynolds number method in the near 

wall region with experimental measurement (Kudova and Sesonske, 1 972) for Re=6000. 

The prediction is in general accord with the experimental data except in the region 

1 Ocy'c40 where the prediction is lower than the experirnental measurement. 

Martin& and Pollard (1989), and Pollard and Martinuzzi (1989) presented 

comparative studies of turbulence models in predicting turbulent pipe Bow. They 

compared eleven turbulence models including a high Reynolds number k-E mode1 of 

Launder and Spalding (1974), a low Reynolds number mode1 of Lam and Bremhorst 

(198 l), four algebraic stress models, and five Reynolds stress models. The cornparison 

was made for axial velocity profile, Reynolds shear stress, turbulence kinetic energy, etc. 

in developing turbulent pipe flow with Reynolds number of 1 O4 to 3 . 8 ~  10'. They found 

that the results obtained with a low Reynolds number k-E model are generally in better 

agreement with experimental data than those obtained fiom the high Reynolds number 

model and other models, especially at low Reynolds number. However, one flaw in the 

low Reynolds number model of Lam and Bremhorst (1981) is that it predicts limiting 

- 
behavior for Reynolds shear stress u'v' a y4 as the wall is approached, while the correct 

lirniting behavior is believed to be u'v' cc (Wilcox, 1993). Another flaw is that the 
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Lam and Bremhorst (1981) low Reynolds number model fails to make mode1 function, 

f, , to satisfy the limiting behavior, f, y-'. The f, is one of the darnping functions 

which are responsible for modifying the turbulent field by taking into account the 

viscous effect in the near-wall region. Modifications aiming to remove the above- 

mentioned defects of the k-E models have been developed since then. Myong et al (1989) 

presented an improved low-Reynolds number k-F model and compared the predicted 

mean velocity, eddy dimisivity and Reynolds shear stress profiles with experimental 

data and other k-E rnodels including the one proposed by Lam and Bremhorst (1 98 1). 

They reported better agreement between the prediction and experirnental data, especially 

for the limiting behavior of the Reynolds shear stress. 

Nagano and Tagawa (1990) also modified the damping functions f,, f ,  and /, 

as well as the model constants for a low Reynolds number k-E model based on the 

limiting behavior near the wall. With the improved model, the above-mentioned defects 

of the k-E mode1 have been removed. They have venfied the validity of the improved 

form of the k-E mode1 in the Light of the experimental data. 

In summary, the improved low Reynolds number k-E models can now been used to 

reproduce the mean velocity profile and the limiting behavior of wall for z, k, and 

u, in turbulent pipe flow. This is very important to the application of the k-E model to 

calculating near wall species concentration profile and local m a s  transfer coefficient. 
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2.2.2. Straight Pipe under Disturbed Flow Conditions 

One of the earliest simulation studies of the two-dimensional turbulent 

recirculating flow using the k-E model was done by Gosman et al (1979). They used a 

wall fûnction (WF) k-E model to calculate the flow properties (velocity, kinetic energy of 

turbulence and its dissipation rate) and to predict the reattachrnent length downstream of 

an axisymetric sudden enlargement. The predictions made were compared with the 

experimental measurement of Back and Roschke (1972). They reported good agreement 

between the prediction and experimental results for the reattachrnent length, but poor 

agreement for swirling-pipe flow and bluff-body stabilized flow which is attributed to 

the performance of the dissipation equation. 

Gould et al (1990) compared the predicted results using a k-E model with their 

own simultaneous two-component Laser Doppler Velocimetry (LDV) measurements 

made in the incompressible turbulent air flow field following an axisymmetric 

expansion. They reported good agreement for the mean axial velocity, kinetic energy of 

turbulence and Reynolds shear stress, but poor agreement for the radial velocity and the 

normal turbulent stresses. The disagreement was partially attributed to the inability of 

the eddy-viscosity models to account for the anisotropy of the flow. 

In the above-mentioned model studies, the wall function model has been used. 

However, as pointed out by Wilcox (1993), there are some problems in the application 

of wall iûnctions in disturbed flow conditions because the Iaw of the wall does not 
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always hold for flow near solid boundaries, most notably for separating flows. While 

recently developed low Reynolds number models, like the one proposed by Nagano and 

Tagawa (1990), can reproduce the limiting behavior of the wall in a straight pipe fiow, 

they have a singularity problem related to the simulation of recirculating flow in a 

sudden expansion because the model functions f, and f, contain the fiction velocity, 

u,, and will collapse at separating and reattaching points where u, = 0. 

More recently Abe et al (1994) have modified the low Reynolds number model 

proposed by Nagano and Tagawa (NT) (1990) for calculating the complex turbulent 

flows with separation and reattachment. They introduced a new velocity scale of 

turbulence, u, = (v& to replace u, in the NT model and to reevaluate the model 

constants. They used the revised rnodel to calculate the flow structure for a backward 

facing step flow and compared their results with various experimental cases. They 

reported excellent agreement for reattachment length between prediction and 

experimental data for a variety of experimental conditions. They also reported good 

agreement for axial velocity, turbulent kinetic energy and Reynolds shear stress for the 

backward facing step flow in addition to good agreement for mean velocity and eddy 

viscosity between prediction and direct simulation data @NS) (Abe et al, 1994) for 

straight pipe flow. This irnproved low Reynolds number k-E model will be used 

throughout this study. 

Chang et al (1995) performed a similar modification to the low Reynolds number 

model airning to remove the singular problem related to the simulation of recirculating 
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flow in a sudden-expansion pipe. However, they introduced "fiy', instead of 

u, - ( V E ) ~ ,  to replace u, as the velocity scde of turbulence. They compared their 

prediction with the modified model with the experimental data of Durret et al (1988) and 

reported good agreement for the reattachment length, mean axial velocity and turbulent 

kinetic energy at five axial stations in pipe-expansion flow. 

It is concluded fiom the review that significant improvement in predictions of fiow 

properties particularly in the near wall region of the reattachment point can be achieved 

through the use of the improved Iow Reynolds number model (e. g. Abe et al, 1994; 

Chang et al, 1995). It is realized that the eddy viscosity is an important transport 

property in modelling turbulent transport of momentun, heat and mass. The accurate 

prediction of the f, distribution in a near wall region is a prerequisite for correct 

simulation of wall mass transfer. 

2.3. Mass Transfer 

2.3.1. Experimental Studies 

Many experimental studies have been done during the last three decades on 

measurement of mass transfer rate in straight pipe flow (e.g. Shaw et al, 1963; Son and 

Hanratty, 1967; Berger and Hau, 1977), in swirling flow (e.g. Yapici et al, 1994), and in 

the pipe flow with sudden expansion (Runchal, 197 1; Sydberger and Lotz, 1982). The 
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following discussion will be limited to the mass transfer in straight pipe flow, for both 

mass transfer entrance region and fully developed region. 

Two techniques have been developed to measure mass tramfer coefficient. One 

technique is to measure the dissolution rate of soluble sections of a pipe wall, as used by 

Linton and Sherwood (1950), and Meyerllik and Friedlander (1962). One disadvantage 

of this technique is that the surface roughness and intemal diameter of the test section 

change during the experiment and will affect the measurement accuracy. The other 

technique is so called lirniting diffusion current technique (LDCT). This technique has 

received extensive application in evaluating transport phenornena in hydrodynamic 

environrnents. The details of the LDCT have been described by Wragg (1977), and 

Berger and Ziai (1 983). 

Shaw et al (1963), Son (1965), and Son and Hanratty (1967) investigated the effect 

of the length of the mass transfer section on the rate of mass transfer. In these studies, 

ten test sections with interna1 diameter of 25.4 mm and varying lengths nom 0.01 77 to 

4.31 pipe-diameter were used with Reynolds number fiom 4000 to 62000 and Schmidt 

number of 2400. They f o n d  that the measured mean mass transfer coefficient as a 

function of length of mass transfer section fits nicely with following correlation 

with the srnallest transfer section showed the poorest agreement equation. 
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Berger and Hau (1977) measured mass transfer coefficients in mass transfer 

entrance length and in hilly developed flow in smooth pipe using LDCT. Their studies 

include experiments with nine mass transfer sections with an intemal diameter of 54.8 

mm and varying length fiom 0.008 to 9.12 pipe-diameter. The Reynolds number ranges 

frorn 12900 to 135000 with a Schmidt number of 2400. They concluded that when the 

concentration boundary layer was fully developed, the results could be represented by 

the relation 

St, = 0.0 1 65 ~ e - " - ' ~  Sc'" 

In the mass transfer entrance section where the concentration boundary layer is 

developing, they plotted the mean Stanton number as a function of dimensionless 

distance fkom the entrance for one Schmidt ournber and varying Reynolds nurnben and 

found that the experimental data in the linear parts of the lines agree well with the 

integrated turbulent Leveque equation 

They also show that the vaiidity range of equation (2-4) is dependent on the Reynolds 

number and change fiom OcUd4.S for Rel l  O" to WL/dcO. 1 for R e  l Os. 

From this short review it is clear that there are severai reliable and detailed mass 

transfer measurements in the mass transfer entrance region and fully developed region in 

straight pipe that can be used for the validation of the mass transfer model. The above 
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experimental data (Son and Hanratty? 1967; Berger and Hau, 1977) have been used for 

the verification of the mass transfer prediction in the present study (section 6.2.3). 

2.3.2. Modelling Studies 

2.3.2.1. Mass Tram fer Entry Length 

There is no report available in the literature on the mode!iing studies for mass 

transfer entrance length in turbulent pipe flow. An analytical method for the calculation 

of mean mass transfer coefficient in mass transfer enbance region in a pipe flow was 

presented by Linton and Sherwood (1950). For the condition of large Schmidt numbers, 

the concentration boundary layer is much thinner than the viscous sublayer. Therefore, 

the curvature of the wall rnay be neglected, and the concentration profile may be 

described in a Cartesian coordinate system. Furthemore, the mean velocity within the 

concentration boundary layer may be simplified as a linear function of y: 

With equation (2-5), the time averaged transport equation of species in turbulent straight 

pipe flow with very large Schmidt number can be expressed as 

Linton and Sherwood (1950) have suggested that equation (2-6) can be simplified as 

integrating equation (2-7) and using the Blasius relation yield 
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There are two defects with the above correlation (2-8) and its derivation process. One 

q u ' c f )  
defect is that the term, - , in equation (2-6) was omitted without sound 

ax 

explmation (Shaw et al, 1963). Another defect is that equation (2-8) has a very limited 

range of validity as it applies only to less than 10% m a s  transfer entry length (Wang 

and Postlethwaite, 1997). A LRN k-E turbulence model has been used in the present 

study to calculate the local and mean mass transfer coefficients throughout the mass 

transfer entrance region to the hlly developed mass transfer region. 

2.3.2.2.Disturbed Flow Conditions 

There are very few modelling studies on the mass transfer downstrearn of an 

abrupt pipe expansion in turbulent pipe flow. Arnano (1 985) presented a modelling study 

of turbulent mass transport downstream of an abrupt pipe expansion using the k-E 

turbulence model. Attention has been focused on the simulation of the region in the 

irnrnediate vicinity of the waii, by formulating a near-wall model for the evaluation of 

the mean generation and destmction rate of the E equation. The detailed near-wall model 

was also presented by Amano in a separate paper (Amano, 1983). The computed results 

were compared with the experimental data of Runchal (1971). The predicted Stanton 

numbers are in general higher than the experimental data and the predicted maximum 

Stanton number position is always upstream of the rneasured one. One ambiguous point 

in his study is the calculation of the local Stanton number, since the first near wall node 
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used by Amano (1 985) is at y' = 29 - 36 which is not within the mass transfer 

controlled diffusion sublayer (even not in the viscous sublayer) and Fick's first law 

cannot be sirnplified here. 

In the experiment of R~nchal(1971)~ a nozzle is used followed by the straight pipe 

with a larger pipe diameter f o e g  a sudden pipe expansion. It is not clear if the 

hydrodynamic flow conditions for the nozzle were taken into account when the idet 

flow condition was set for calculating of mass transfer dong the pipe. All these factors 

would affect the calculation of the mass transfer. 

Nesic et al (1992) performed the calculation of mass transfer in a pipe involving 

sudden pipe expansion using a LRN k-E model (Lam and Bremhorst, 1981). The 

predictions were compared with the data reported by Sydberger and Lotz (1982) for 

Reynolds nurnbers of 2. lx  104 to 1 . 3 ~  1 OS. The predicted mass transfer is in general 

higher than the experimental data using a turbulent Schmidt number of O, = 09 

throughout the computationd domain. With o, = 1.7 used in the near wall region 

(y'<5), the predictions are in better agreement with the experimental data. 

Herrero et a1 (1994) presented a numerical study d n g  to investigate the effect of 

grid size on the calculation of mass transfer rate using the LRN model proposed by Lam 

and Bremhorst (LB) (1981) and a modification of Herreo et al (1991) which is also 

based on the Lam and Bremhorst (LB) model. The predictions were compared with the 

data of both Sydberger and Lotz (1982) at Re=4.2x104 and Sc=1460, and Runchal 
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(1971) at Re=6.53x 104 and Sc=2500. However, use of the Lam and Bremhorst model for 

calculating wall mass transfer has been questioned by Nagano and Tagawa (1990) and 

Abe et al (1994), because the LB mode1 gives the incorrect near-wall lirniting behavior 

for the Reynolds stress, pu'v' , and the damping hct ion,  f, . Hence correct prediction 

of mass transfer could not be expected in high Schmidt number flow. On the other hand, 

the experiments were perfomed in a straight pipe with various sizes and types of 

orifices. The experimental data used for cornparison with the predictions are obtained 

fiom an experiment in a straight pipe with a diameter of 4.0 cm downstrearn nom a flow 

obstacle consisting of an orifice with an inner diameter of 2.0 cm and with a length of 

2.0 cm in the flow direction. In the simulation studies by Nesic et al (1992), the inlet 

boundary of the computational domain is at the sudden expansion section where inlet 

flow conditions have to be guessed as the hydrodynamic condition of flow at the sudden 

expansion section is not given by the original experiment. This might be one of the 

factors which affects the accuracy of the prediction for the mass transfer downstrearn of 

sudden expansion. 

It can be concluded fiom the above review that there is no well defined 

expenmental measurement for mass transfer along with hydrodynamic parameters of 

flow available for pipe flow with sudden expansion. Such an experiment should provide 

detailed hydrodynamic data (in addition to detailed mass transfer data) which could be 

used as boundary conditions for a numencal simulation. On the other hand, the improved 

LRN model, such as the AKN model, can reproduce the near wall lirniting behavior 

correctly and therefore can predict both attached and separated wall sheâr Bows 
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accurately. But, the AKN L W  rnodel has not yet been tested against experimental data 

for mass transfer under disturbed flow conditions. 

2.4. Modelling Studies on Corrosion 

There is a large nurnber of corrosion models which are available in literature. 

Many of them are for COz corrosion (e.g. DeWaard and Milliams, 1975; Gray et al, 

1989, 1990; DeWaard and Lotz, 1993; Dustad et al, 1994; Nesic et al, 1996). Based on 

how firmly they are theoretically based, these models can be classifieci as mechanistic 

models (models descnbing the mechanism of the underlying corrosion process have a 

strong theoretical background), semi-empirical models (models based only partially on 

firm theoretical background) and empincal models (models based very little on 

theoretical background and most of the constants used have little physical meaning). 

Since the corrosion model used in this study is based on a mechanistic model, some 

mechanistic models are described in this section. 

Corrosion is a very complex phenornenon relating to the surface electrochemical 

reaction and the transport process of reactants and corrosion products. A mechanistic 

model is based on the rate equations of anodic dissolution of metals and of cathodic 

reduction of oxidants (e.g. O,, W). Al1 kinetic parameters have physical meaning and are 

available fiom experimental measurements. 

DeWaard and Milliams (1975) were among the first to develop an electrochemical 

model for Fe-CO, solution system. They derived the rate equation of anodic dissolution 

22 
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of iron based on the pH-dependent mechanism proposed by Bockris et al (1961). For the 

mechanism of cathodic reaction, they suggested that the reduction of undissociated 

carbonic acid is the rate-determining step. The resulting model can quantitatively explain 

their own experirnental results and can predict the effects of temperature and CO2 partial 

pressure on corrosion rate. 

Gray et al (1989; 1990) presented an electrochemical model as part of their 

experimental studies of CO, corrosion. The cathodic reduction reactions taken into 

account include H+ reduction, H,CO, reduction and water reduction. The anodic 

dissolution reaction considered is the oxidation of Fe to Fe2+ which is based on pH- 

dependent mechanism (Bockris et al, 1961). The electrochernical model has been used 

successfully to calculate the active dissolution rate of carbon steel at 25 OC and to 

resolve complex polarization curves in their constituent oxidation and reduction 

reactions. The model can also be used to predict the effect of partial pressure of CO, 

( P, ) and fluid flow rate on corrosion rate. 

Nesic et al (1996) conducted a follow up study on CO, corrosion. The cathodic 

reactions considered include: R reduction, 0, reduction, direct reduction of H,CO, and 

H2O. The charge transfer controlled oxidation of Fe to Fe2+ was adopted for the 

dissolution of iron. When modelling the limiting current density of K and 4 reduction 

reactions, the correlations of Berger and Hau (1977), and of Eisenberg et al (1954) were 

used for straight pipe flow and for rotating cylinder flow system. They reported that the 

corrosion model developed can be used to predict corrosion rate, to determine the 
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goveming corrosion mechanism (charge transfer control, m a s  transfer control, reaction 

or mixed control), and to predict the effect of temperature, pH, flow velocity and Pq 

on corrosion rate and goveming corrosion mechanism. 

From the above review it is seen that mechanistic corrosion models have received 

quite extensive application in CO2 corrosion. Although the corrosion systems dealt with 

in the present study are Fe-H20, Cu-H20 and Cu-NaC1 solution systems which are 

different nom Fe-CO2 solution system. The well established theoretical path developed 

or used by DeWaard and Milliams (1975), Gray et al (1989; 1990), and Nesic et al 

(1 996) has been adopted in developing corrosion models taking into account the effect of 

mass transfer in turbulent pipe flow for Fe-H,O, Cu-H20 and Cu-NaC1 solution systems. 

2.5. Stability of Corrosion Product Film on Copper in Flowing 

Na CI Solution 

Copper and its alloys have been used widely in marine environrnents for rnany 

years because of their resistance to corrosion in sea water. This resistance is a result of 

the formation of protective layers on the metal surface which provides a diffusion barrier 

for the transport of species involved in the corrosion process. However, copper and its 

alloys are lcnown to be susceptible to enhanced corrosion in sea water when there is 

sufficient relative motion between the metal and the fluid (Efud, 1977; Wood et al, 

1990). Danek (1966) conducted exposure tests to Cu-based alloys and other alloys and 

found that Cu-based alloys exhibit excellent corrosion resistance at low velocities but are 
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subject to excessive degradation by erosion-corrosion at higher velocities. It was thought 

that the protective corrosion films are removed nom the metal surface at these higher 

velocities. 

There are several possible rnechanisms for the filrn removal or disruption fkom 

metal surface in single phase flowing solution: 

Dissolution or removal of protective layers by hydrodynamic shear stress occurs 

when the shear stress is greater than the binding force between the film and the substrate 

(Efird, 1977). 

in disturbed fiow conditions, local near-wall intensity of turbulence has been 

proposed as the governing factor for the removal of film. intensive turbulence 

fluctuations close to the wall contribute to disrupting the protective corrosion product 

film and disturbing the mass transfer boundary layer, thus enhancing the corrosion rate 

(Blatt and Heitz, 1990; Nesic and Postlethwaite, 1990). 

Dissolution of films which are controlled by mass transfer. Thus the breakaway 

velocity may reflect conditions where the dissolution rate of film is greater than the 

growth rate of film (Syrett, 1976). 

Over the past few decades an attempt was made to h d  universal fluid parameten 

which could be related to the onset of accelerated corrosion which is triggered by the 

disruption of the protective corrosion product film. These parameters include bulk flow 
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velocity (Copson, 1952), bulk Reynolds number (Mahato et al, 1968; Shernilt et al, 

1980), wall shear stress (Efird, 1977; Silveman, 1984), and the local near-wall 

turbulence (Blaît and Heitz, 1990; Nesic and Postlethwaite, 1990). 

For a simple flow geornew like straight pipe flow, an increase in buik velocity 

corresponds to higher Reynolds number, higher wall stress and higher local turbulence in 

the near-wall region. In this case the simplest parameter, a critical or breakaway velocity 

is most often used as a criterion. In industry, the bulk flow velocity is ofien used as a 

design parameter in terms of breakaway velocity. For instance, the design velocity for 

CA 706 (89Cu-1ONi- 1Fe) is typicaily 1.5 to 2.1 m/s for 2.54 cm diameter tubes (Syrett, 

1976). 

However, the velocity or Reynolds number as  a criterion will fail when results 

fkom two different flow systems (e.g., rotating cyhder system and straight pipe system) 

are compared because similar flow velocity and Reynolds nurnbers defined by two 

systems do not guarantee the similarities in hydrodynamics and mass transfer, and the 

results nom two different studies are not comparable. In this case, critical velocity or 

Reynolds number cannot be used as a criterion. 

Use of wall shear stress overcomes this problern. Based on the idea that corrosion 

product film on metal surface degrades and is physically removed when the wall shear 

stress exceeds the binding force between the corrosion film and the substrate, Efird 

(1977) presented a study in which the cntical wall shear stress can be found for copper- 

based alloys in flowing sea water. He suggested that these data can be applied to other 
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hydrodynamic systems to detennine the critical sea water flow velocity for a specific 

application. 

Although the removal of protective layer by wall shear stress has been accepted b y 

many researchers as the cause of accelerated corrosion of copper, this cause has been 

questioned by others who suggested that the adhesion forces for oxide film are too large 

for the fih to be removed by hydrodynamic forces (Syrett, 1976; Bianchi, et al, 1978; 

MacDonald et al, 1978). 

Dishirbed flow conditions are often encountered in industry under which 

turbulence is transported downstream fkom the point of separation and there is no simple 

relation between the bulk flow parameters and the local near-wall hydrodynamic and 

mass tram fer conditions. In these systems there is no similarity between wall shear stress 

and the turbulence profiles. Blatt and Heitz (1990), and Nesic and Postlethwaite (1 990) 

have proposed the local near-wall turbulence as a key parameter related to the onset of 

accelerated corrosion. Near-wall turbulent fluctuation interferes with the formation of 

protective films and also affects the rate of mass transfer of both corrosion reactants and 

products by dismpting corrosion product film and thinning the diffusion controlled mass 

transfer boundary layer. The study of Lotz and Postlethwaite (1990) has shown that for a 

flow through a sudden pipe expansion the position of highest rate of erosion-corrosion is 

close to the point of flow reattachment. Since the wall shear stress, calculated based on 

mean velocity gradient at the wall, is zero at the reattachrnent point, use of wall shear 

stress as a sole explanation for film removal is not appropriate. 
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Based on their numerical simulations, Nesic and Postlethwaite (1991a) have 

s h o w  that the maximum value position of the local level of turbulence is close to the 

point of flow reattachment where maximum rate of erosion-corrosion was observed 

(Lotz and Postlethwaite, 1990), and suggested that the near-wall turbulence level could 

be the determinhg factor. 

Chernical dissolution of film can also occur as an additional mechanism for film 

removal. Syrett (1976) suggested that the so-called erosion-corrosion of oxide film may 

actually be the result of mass transfer phenomena. Thus, the breakaway velocity may 

reflect conditions where the rate of film removal (e.g., by dissolution in sea water) is 

higher than the rate at which the film can refom by other competing reactions. 

Under service conditions involving disturbed flow (such as at elbows, weld beads, 

various fillings and other sudden change in flow geometry) the corrosion product film 

can differ fiorn place to place in many aspects: thickness, porosity, compactness, etc. 

These differences lead to variation in film strength and protectivity. So, it is possible 

under certain flow conditions that a corrosion film can not fom on the metal surface in 

some areas even in the initial service stage, and accelerated corrosion occurs in these 

areas. Bianchi et al (1978) presented a study on "Horse Shoe" cornosion of copper alloys 

in flowùig sea water, in which the influence of rnass transfer on film formation on 

copper surface was discussed in detail. They proposed that the 'Horse Shoe' corrosion, 

which takes place preferentially at the inlet region of a pipe (e.g., in condenser), is the 

Iocalization of the active anodic dissolution reaction in small areas, in which the high 
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rate of mass transfer inhibits the formation of a protective film of corrosion products 

(Cu20). It has been proposed that the formation of stable passive film depends on a 

delicate balance between the diffision of the chloride cuprous complexes ( CuCZ,-) 

formed by the primary anodic reaction: 

and the precipitation reaction 

2CuCZ2- + 20H- O Cy O + 4 0  + 4CI- 

The surface pH, which is produced by the reduction of oxygen at a metal surface and has 

an ovemding influence on the filrn of stable Cu,O film, could also be affected by mass 

transfer condition as proposed by Bianchi et al (1978). An increase in mass transfer 

results in decreases of both surface pH and surface CUCI,- concentration, and hence, in 

the reversa1 of reaction (2-10). Furthemore, the oxidation of the Cu20 film results 

eventually in the formation of a top layer of sparingly soluble atacarnite, Cul(OH),CI 

(Wood et al, 1990). 
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3. Model of Turbulence 

3.1. Introduction 

The task of a turbulence model is to provide equations which enable calculation of 

the Reynolds stress, uit uj '  , which &se when the time averaged Navier-Stokes equations 

are obtained f?om the instantaneous Navier-Stokes equations. In this chapter, the time- 

averaging process of the instantaneous Navier-Stokes equations were first briefly 

introduced. The eddy viscosity mode1 and the k-E model were then presented. Finally the 

numerical process to solve the resulting set of partial differential equations was bnefly 

3.2. lnstantaneous Flow Equations 

For incompressible flow, the instantaneous equations for conservation of mass and 

momentum can be expressed as: 
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Mass conservation: continuity equation 

Momentum conservation: Navier-Stokes equations 

The terni t, in equation (3-2) is the uistantaneous viscous stress tensor defined by 

where s, is the instantaneous strain-rate tensor 

The instantaneous equations (3-1) and (3-2) cannot at present be solved for turbulent 

flows of practicd relevance since turbulence consists of random fluctuations of the 

various flow properties. Therefore, a statistical approach has been taken as explained in 

the following section. 

3.3. Time Averaged Flow Equations 

Based on Reynolds decomposition rules (Reynolds, 1895), the instantaneous 

values of the velocity, ui, and the pressure, p, in equations (3-1) and (3-2) are separated 

into mean and fluctuating quantities: 
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The mean quantities in above equations are dehed as 

where the averaging tirne, T, is long compared with the time scale of turbulent motion.' 

If the overbar (-) is used to denote time-averaging, the following relationships are 

satisfied: 

where s is x,, x2, x, or t 

I f  equation (3-5) is substituted into equations (3-1) and (3-2), and the relationships (3-7), 

(3-8), (3-9), (3-IO), (3-Il), (3-12) are employed, the time averaged conservation 

equations of mass and momentum, after some manipulation, are given as: 

In a transient problem, the averaging time has to be srnaII compared with the time scale of the mean flow. 
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au, (3- 14) 
at 

The equation (3-14) is usually referred to as the Reynolds-averaged Navier-Stokes 

equation. The quantity, -pui'ujt , is known as the Reynolds-stress tensor and is denoted 

Since ri = r,, this is a symmetric tensor. We have introduced one additional 

unknown variable as a resdt of the time-averaging process. Unfominately, we have 

gained no additional equations. For example, in two-dimensional flow, we have three 

mean-flow properties, pressure (P), and two velocity components (LI, and ü,) plus one 

Reynolds-stress component (-pui1uj'), in total four unlaiowns. The equations available 

are the continuity equation (3-13) and momentum equations (3-14) for a total of three. 

This illustrates the closure problem of turbulence. In order to compute al1 mean-flow 

properties of the turbulent flow under consideration, we need a prescription for 

computing ui ' u j l  . The function of turbulence modelling is to devise approximations for 

u, ' u j  ' in term of flow properties that are known so that a sufficient number of equations 

exists. in making such approximations, we close the system of equations. In this study, 

the turbulence modelling is divided into two steps: 1) eddy viscosity relations for the 

Reynolds stress, and 2) a mode1 for the eddy viscosity. 
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3.4. Eddy Viscosity Rela fions 

Boussinesq's (1877) eddy-viscosity relation is the oldest proposa1 for modelling 

the Reynolds stress, -puifuj', and has becorne a significant part of most turbulence 

models of practical use today. The eddy viscosity relation assumes that, in analogy to the 

viscous stresses in larninar flows, the turbulent stresses are proportional to the mean- 

velocity gradients. For general flow situations, the eddy viscosity relation can be 

expressed as 

where v ,  is the kinematic turbulent or eddy viscosity which, in contrast to the kinematic 

molecular viscosity v ,  is not a 

turbulence. The term involving k 

expression applicable also to the 

like pressure forces, this second 

fluid property but depends strongly on the state of 

aud kronecker delta, tiÜ, in equation (3-16) makes the 

normal stress (when i=j). Since the normal stress acts 

part can be absorbed into the pressure gradient term 

- 

when equation (3-16) is used to eliminate ui ' u,' in the mornentum equation (3-14). 

Given the eddy viscosity relation (3-16), the main problem is now shifted to modelling 

the kinematic eddy (turbulent) viscosity, v ,  . 
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3.5. Models for Eddy Viscosity 

As mentioned in the above section, the eddy viscosity relation was conceived by 

presuming an analogy between the molecular motion and the turbulent motion. The 

turbulent eddies were thought of as lumps of fluid which, like moIecules, coilide and 

exchange momentum. The molecular viscosity is proportional to the average velocity 

and mean free path of the molecules. Accordingly the eddy viscosity is considered 

proportional to a velocity characterizing the fluctuating motion, û, and to a typical 

length of this motion which Prandtl called the mixing length, lm, (Prandtl, 1925). Thus, 

Different approaches for determinhg the velocity scale, fi , and the length scale, I,, 

lead to different turbulent models: 

1. zero-equation model: 2, and û are specified in advance or related to known 

mean flow properties. For example, in Prandtl's (1925) mixing length model: 

3 dU 
ri = thus v ,  = lm- 14, where the mixing leagth could be determined f b m  flow 

?Y 

geometry such as the distance fkom the wall. 

2. one-equation model: Kolmogorov (1942) and Prandtl (1945) proposed 

I- 
independently that the velocity scaie, û , c m  be represented using k = - u, ' u, ' by the 

2 
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expression v,  = C,koJI. The value of k c m  be detemiined by solving the transport 

equation for k, while the length scale, I,  has to be somehow prescribed. 

3. two-equation model: there are a few two-equation models as we mentioned in 

the literatwe review. The most popular one is the k-E model in which the turbulence 

length scale is expressed as: I = k';É so that the kinetic eddy viscosity, v ,  , can be 

determined fkom the kinetic energy of turbulence and its dissipation rate according to 

following relation: 

where t h e h  is the damping function (to be defined in section 3.7.3) which is equal to 

one in fùlly turbulent flow and is less than one in the near-wall region where the flow is 

directly affected by molecular viscosity. 

In this study we choose to use k-E model for two reasons. Firstly, this method has 

been extensively tested in last two decades and performs well in most test cases. In 

particular, the predicted lirniting behavior of flow properties in the near wall region has 

been substantially improved with the low Reynolds number model employed in near- 

wall region. Secondly, the pnmary purpose of this project was not to develop the most 

sophisticated turbulence model but to be able to have a reasonably accurate model of 

turbulent flow that can be used in the study of wall-mass transfer and corrosion. 
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The question now arises as to how to detemine k and 6. As mentioned before, to 

determine the values of k and E, the transport equations for these quantities have to be 

solved. As the first step, the correspondhg transport equations need to be derived. The 

kinetic energy b e r  unit mas )  of turbulence is defined as: 

Two methods can be used to derive the transport equation for the kinetic energy of 

turbulence, k. In the first method (Hinze, 1975), the transport equation for totd kinetic 

energy of the flow (which includes the contribution from both mean flow and 

turbulence) is derived by multiplying the instantaneous momentum equation (3-2) with 

u i .  Similady, the transport equation for the kinetic energy of the mean flow is derived 

by multiplying the time-averaged momentum equation (3-14) with Ui. Finally, the 

transport equation for kinetic energy of turbulence fluctuation is obtained by the 

subtraction of the equation for kinetic energy of mean flow fiom the equation for total 

h e t i c  energy of flow. In the second method (Wilcox, 1993), the Reynolds stress 

transport equation is derived k t .  The kinetic energy of turbulence can be related to the 

trace of the Reynolds stress as follows: 

The transport equation for k can be derived by taking the trace of the Reynolds stress 

transport equation. The denvation procedures for both rnethods can be found from 

advanced textbooks about turbulence (e. g. Hinze, 1975 and Wilcox, 1993). The derived 

transport equation for k has the f o m  
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y b V a- 

Convection DzJLsion Production 

1 
The sum of the turbulent transport term (triple correlation), -ui 'ui iuj ' ,  and pressure 

2 

p h j '  
diffision term, - , can be approximated as: 

P 

The dissipation rate of kinetic energy of turbulence is defined by the following 

correlation. 

The derivation of the transport equaîion for the dissipation rate of kinetic energy of 

turbulence is much more complicated than that for the kinetic energy of turbulence and 

is omitted here. The idea is that the 

di fferentiated b y x, and then multiplied by 

instantaneous momentum equation (3-2) is 

au*' 
2v- and finally tirne-averaged to yield: 

ax, 
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- \ J 

Convection 
w 

Dzmion 

Production 

~esh-;ction 

This equation is far more compiicated than the turbulent kinetic energy equation and 

involves several new unknown double and triple correlations of fiuctuating velocity, 

pressure and velocity gradients. The rnodelled forms of this equation was given in the 

subsequent section. 

3 6. Two Dimensional k-8 Mode1 

We will m e r  limit our studies to a steady state, two-dimensional turbulent pipe 

flow. The corresponding transport equations are elliptic. In an axisyrnrnetric cylindncal 

coordinate system, the transport equations have the following form: 

Confinuity equation: 
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Momentum equation in axial direction: 

Momentum equation in radial direction: 

Equation for kinetic energy of turbulence: 

Equation for dissipation rate of kinetic energy of turbulence: 

where pd is the effective viscosity dehed as: 

Pg = P + Pi - Y +-' 
effective molecular turbulent 

The production of kinetic energy of turbulence, P,, is: 
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for the eddy viscosity mode1 adopted. 

Although the equations (3-25) to (3-29) are for fluid flow in cylindrical coordinate 

system, they c m  be easily converted into those for fiuid flow in Cartesian x-y 

coordinate system by setting: 

which is convenient for programming purpose in switching fiom one coordinate system 

to another one. 

3.7. Boundary Conditions 

Since the set of partial differential equations (3-25) to (3-29) are elliptic, it is 

necessary to provide boundary conditions for all variables on al1 boundaries of a 

computational domain: inlet, outlet, symmetry axis, and wall. Fully developed flow was 

assurned at the inlet of the computational domain. The inlet mean axial velocity profile, 

II, cm be obtained fiom the empirical formula for turbulent pipe flow (Schlichting, 

1979). The inlet mean radial velocity, V, is zero. The inlet profiles of turbulent kinetic 

energy, k, and its dissipation rate, E, are given by the following empirical forms 

(Nallasamy, 1987): 

In order to get the fully developed profiles of LI, k and E, the above profiles for LI, k, and 

E are first used at the inlet to the cornputational domain for a straight pipe. With an 

41 
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adequately long computational domain in the straight pipe, Mly developed values for U, 

k and E are obtained at the outlet of computational domain. These hilly developed values 

and V=O are then used as inlet conditions in present shidies. 

At the symmetry axis and outlet, zero gradient for U, V. S E can be set: 

On the wall we can set: 

U = V = k = O  

3.7.1. Boundary Conditions for E on Solid Waii 

Two boundary conditions for E at solid wall have been used in previous studies: 

E w  ="ql 
wall 

a€ 
Many researchers have used - = O as the boundary condition for E (e. g. Cho and 

?Y 

Goldstein, 1994; Herrero et al, 1991). This boundary condition was also used for an 

algebraic stress mode1 by Hanjalic and Launder (1976). The advantage is that no 

turbulent kinetic energy and second order denvative are involved in boundary condition 
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and convergence can be easily reached. Other researchers chose E, = v - 
boundary condition for E (e. g. Lam and Bremhorst, 198 1, Nagano and Tagawa, 1990; 

Myong and Kasagi, 1990; Abe et al, 1994). This is strictly the correct boundary 

condition for E at the wall as derived &om the differential equation of kinetic energy of 

turbulence (3-28). Since equation (3-36) was still used as the boundary condition for E 

by some researchers very recently (e.g. Cho and Goldstein, 1994). It is necessary to 

reinvestigate which boundary condition for E performs better in satisfjmg the limiting 

behavior of the wall. The predicted lunithg behavior for dimensionless turbulent klnetic 

energy, k+ ($r2), using low-Reynolds number (LRN) k-E mode1 was compared for two 

boundary conditions and plotted in Fig. 3-1. In the immediate vicinity of the wall, the 

turbulent kinetic energy can be expressed by the Taylor expansion series (Myong and 

Kasagi, 1990): 

7 

which indicates that the turbulent kinetic energy, k', is proportional to y+' as y' + 0. 

The direct numerical simulation results of Kim et al (1987) also yielded the behavior 

of k'. Fig. 3-1 shows that the y+2 behavior of k' was predicted with the boundary 

condition E, = v . Therefore, this boundary condition was adopted in this study. 

However, this type of boundary condition, if employed directly, may lead to instabilities 

during the initial stage of iterative calculations because the second-order derivative 
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cannot be guaranteed to provide the positive value. The sarne problem was also 

encountered by other researchers (e. g. Abe et al, 1994). In order to avoid using the 

second order derivative at the boundary, su = v - 2kf was used in this study as 
@Y IL 

boundary condition for E. The validity of the expression can be show by expanding k, 

about y in a Taylor expansion senes 

Since k,=O and = O based on the definition of k and the continuity equation, the 

following equation cm be obtained: 

E, = v for 6y+0 

The boundary conditions for the pressure tenn, P, have not been introduced. In the 

SIMPLE algorithm used in this study, the pressure correction term, P r ,  instead of 

pressure term itself was solved. The boundary condition for pressure correction term, 

P' , will be introduced in 3.8.2. 

The k-E mode1 is generaily valid in fully turbulent flow characterized by high 

Reynolds number. This hi&-Reynolds-nurnber turbulence mode1 can not be applied in 

the near wall region without modification because of both the viscous and the wall 

blocking effects in near-wall region. Two basic approaches in the near-wall region have 
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been widely used to account for the viscous effect: the universal wall function (WF) 

rnodel and the low Reynolds number (LRN) rnodel. 
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Boundary conditions for E 

Fig. 3-1 Predicted limiting behavior of turbulent kïnetic energy in near-wall 

region. 
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3.7.2. The waii function Mode1 

In order to avoid direct modelling of turbulent flow very close to the solid wall 

(within the viscous sublayer), the universal law-of-the-wali c m  be used to connect the 

wall conditions to the dependent variables just outside the viscous sublayer. In the law- 

of-the-wall region where 30 < y+ = < 150, the mean velocity profile, V,  has a 
Ci 

logarithmic behavior with the distance fiom the wall, y': 

where K = 0.433, and for smooth surfaces E = 9.5 and 

In the law-of-wall region (30~yy'c150), the total shear stresses are nearly constant and 

the convection and diffusion of ui'ujl is negligible, which indicates that local equilibrium 

prevails. This implies that the production of turbulence is equal to its dissipation. If the 

fint computational node is placed in the law-of-the-wall region, the turbulence kinetic 

energy, k, and its dissipation rate, E, at the first node can be obtained based on the 

fo llowing relations: 
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Although the wdl fuoction approach bridges over the near wall region with a 

logarithmic velocity profile, the first node is îypically located so that 30<y'<150, which 

misses important features of the mass transfer sublayer, the thickness of which is an 

order of magnitude smaller than the thickness of the hydrodynamic viscous sublayer for 

aqueous flow at high Schmidt numbers (Levich, 1962). Hence it is not appropriate to use 

the wall function approach in the case of modelling mass transfer in turbulent aqueous 

flow. The low-Reynolds number approach (to be introduced in the following section), 

which enables the application of the k-E mode1 through the viscous sublayer down to the 

wall, shoutd be used in the case of modelling mass transfer in turbulent aqueous flow. 

3.7.3. Low Reynolds Number Model 

When the wall is approached, the local turbulent Reynolds number decreases and 

the molecular viscosity becomes important in the balance of turbulent kinetic energy and 

its dissipation. The low-Reynolds number (LRN) turbulence mode1 uses the empiricd 

function f, , f, andh (dso called damping functions) to account for this wall proxirnity 

effect by rnodimng the original high Reynolds number k-E model. The low-Reynolds 

number model was originally proposed by Jones and Launder (1972 and 1973). Since 

then many versions have been proposed (e. g. Launder and Sharma, 1974; Lam and 

Bremhorst, 1981; Myong and Kasagi, 1990; Nagano and Tagawa, 1990, Herrero et al, 

199 1, Abe et al, 1994; Cho and Goldstein, 1994). In a review article, Patel et al (1985) 

have compared seven different low-Reynolds number models developed before 1 985 and 

showed that the model of Lam and Bremhorst (1981) was one of the successful models 
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at that time based on expenmentai data However, it was found that the Lam and 

Bremhorst model gives the incorrect near-wall limiting behavior of the Reynolds stress. 

To accurately predict massheat transfer in high Schmidt or Prandtl number flows, it is 

necessary to reproduce the near-wall limiting behavior of the turbulent properties. Since 

then, more low-Reynolds number models have been proposed to give an accurate 

prediction of the near-wall limiting behavior. Among these rnodels, the mode1 developed 

by Nagano and Tagawa (1 990) (hereinafter referred to as the NT model) can reproduce 

the near-wall limiting behavior and provides accurate predictions for attached turbulent 

flows, such as pipe flow, that are required for accurate prediction of wall mass transfer. 

More recently, a modification of the NT model has been proposed by Abe, Kondoh and 

Nagano (hereinafler referred to as the AKN model), in which the Kolmogorov velocity 

scale u, = (ve)"', instead of the fiction velocity u, , is used to account for near-wall and 

low Reynolds number effects in both attached and separated flows. In the present study, 

the two models were compared, and the AKN mode1 was selected for subsequent 

calculations. The turbulence model functions f,, and f, , which are responsible for the 

modification of turbulent field in the near-wall region, as well as the constants for the 

both models are given in Table 1. 
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Table 1.  Constants and fbnctions in the NT and AKN models 

a) NT mode1 
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3- 8- Solutions of the Differential equa fions 

The solution of a partial differential equation can be divided into two steps: 

1). Discretization of the partial differential equations; 

2). Solution of the resulting aigebraic equations. 

3.8.1. Discretization of the Partial Differential Equation 

The numerical method used in this study is based on the control volume approach 

for discretization of the partial differential equations as proposed by Patankar (1980). 

The computationd domain is divided ùito a number of control volumes each one 

containing only one grid point. The partial differentiai equations are integrated over each 

control volume. Linear or other types of profiles expressing the variation of a property 

between the grid points are used to evaluate the required integral. In this manner, the 

resulting discretization equation expresses the conservation principle for quantities such 

as mass or momenhun over the finite control volume, just as the differential equation 

expresses it for the infinitesimal volume. In this way, the formulation is straightforward. 

For ease of explanation, the discretization procedure of the partial differential 

equation is discussed only for Cartesian coordinates. A typical control volume for an 

arbitrary grid point is shown in Fig. 3-2. For grid point P, points W and E (denoting 

west and east sides) are its x-direction neighbors, while N and S (standing for north and 
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south sides) are the y-direction neighbors. The control volume around P is shown by 

dashed lines. The letters w, e, s, and n indicate the faces of control volume on the West, 

east, south, and north sides; Ax and Ay are the width and height of the control volume, 

while unit thickness is assumed in third direction. 

Yt Control volume 

Fig. 3-2 A typical control volume in the two dimensional computational 

domain. 
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The general form of the partial differential equation for a Cartesian coordinate 

system is 

where the left hand side (LHS) of equation (3-45) denotes the convective terms. The first 

two terms of right hanâ side (RHS) are difision terms and the third terni is a source 

term which contains al1 other transports including production and dissipation of a. 

Equation (3-45) can be rewritten as 

the equation (3-47) can be rewritten as 

Integrating equation (3-48) over the control volume shown in Fig. 3-2 gives 

Je - Jw + Js - J,, = S&Ay (3 -49) 

As rnentioned earlier, the source term, Sa includes al1 modes of transport except 

convection and difiùsion. It is expected that the source term is usually significant 

compared to convection and difision terms. The source term itself is also a function of 

0 and its derivatives, which makes equation (3-45) nonlinear and complicated for 

53 
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numerical solution. To overcome this pro blem, an effective way is to linearize the source 

term as suggested by Patankar (1980): 

where Sc and S, are constants. The problem now &ses as how to transform a given 

expression for Se into Sc and S,@. Patankar (1980) has provided a few basic rules to be 

followed (e. g. S, must be nonpositive) in order to ensure a stable and convergent 

solution procedure. Now with expression (3-50) for Sa equation (3-49) becomes 

J, - J ,  + J,, - J, = (s, + S / D ) A ~ A ~  (3-5 1) 

We r e m  to the general form of the transport equation (3-45). If we set @=l and 

Sa=O, the equation becomes the continuity equation: 

h a sirnilar manner, the continuity equation can be integrated over the control volume 

(see Fig. 3-2) and the result is as follows: 

(pW,Ay -(pW,Ay + ( P V ) & - ( P V ) , ~  = 0 

The above equation can be rewritten as: 

Fe-F ,+F , -F ,=O 

where 
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If we multiply equation (3-54) by @, and subtract it from equation (3-SI), we obtain 

(~-F,~.)-(J,-F,@,)+(J,-F,~,)-(J*-F,~.)=(S,+S,~.)~~Y (3-59) 

where a ,  is any property at grid point P in Fig. 3-2. Patankar (1980) provides the 

following two relations to express J - Fa : 

Using these two relations in equation (3-59), we cm obtain, afler rearrangement, the 

two-dimensional discretization equation as follows: 

a , @ ,  = a , @ ,  +a ,@,  + a , @ .  +as@, +SCdxAy 

w here 

The coefficients a, a ,  a, and a, representing the convection and ciiffision influence 

on the four faces of the control volume, are affected by the interpolation functions which 

can transform the equation (3-62) into central difference, upwind, hybnd, power law and 

other discretization schemes. The hybrid scheme has been used in this study. The hybrid 
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scheme is a combination of the central difference scheme and upwind scherne. It is 

identical to the central difference scheme for the Peclet-number range - 2 9 9 .  Out of 

this range it reduces to the upwind scheme in which the diaision has been set to zero. 

The coefficients a,, a, a ,  and a, must aiso be positive as reported by Patankar (1980). 

Finally, the discretization equation (3-62) is written for each variable, 0, on each 

control volume surroundhg each @d point in the computational domain. The solution 

of the resulting set of algebraic equations will be introduced in section 3.8.2. 

3.8.1.1. Special Treatment for Momentum Equation 

The discretization procedure for the general differential equation descnbed above 

is applicable to the cases where the velocity profiles are given. A dificulty is 

encountered when this method is used to calculate the velocity profiles. This difficulty is 

caused by the unknown pressure field. The pressure gradient is included in the source 

term and there is no obvious equation to obtain the pressure field. On the other hand, the 

pressure field is indirectly specified via the continuity equation. That is, only with the 

correct pressure field, will velocity profiles obtained tiom the momentum equations 

satisQ the continuity equation. Thus, the main task is to convert the indirect information 

in the continuity equation into a direct algorithm for the pressure field. But two related 

difficulties m u t  be resolved before we begin this task. 

One of the difficulties encountered is the representation of the pressure gradient 

dP 
term in the momenturn equation. When pressure gradient term, -- for exarnple, for 

dx 
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the one-dimensional situation as shown in Fig. 3-3 is integrated over the control volume, 

the resulting discrete form of the pressure difference is Pw - P, , which is the net pressure 

force exerted on the control volume. When the pressure difference, Pw - 4, is expressed 

in ternis of the grid-point pressure value, the pressure drop becomes the pressure 

difference between two alternate grid points, not between adjacent grid points. This will 

cause a sosalled "zig-zag" pressure field as shown in Fig. 3-4(a). Such a zig-zag field, 

of course, can not be regarded as redistic, but is interpreted as a uniform pressure by the 

momentum equation because the altemate pressure values are equal everywhere. A 

similar kind of problem arises when we try to represent the continuity in discrete form. 

The discretized continuity equation dernands the equality of velocities at altemate grid 

points and not at adjacent ones. A consequence is that unredistic velocities fields, as 

shown in Fig. 3-4(b), can satisQ the continuity equation. 

Fig. 3-3 Three-grid cluster. 
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Fig. 3-4 Zig-zag pressure field (a) and wavy velocity field (b). 

A remedy to this kind of problem is to use a staggered grid system. In the case of 

calculation of velocity cornponents, we use control volumes that are different kom the 

ones used for the calculation of other variables (e. g. pressure, turbulence kinetic energy 

and its dissipation rate). The staggered grid system is arranged so that the velocity 

components are calculated for control volumes which are located on the faces of the 

scalar control volume around grid point P (hereafter called as the scalar control volume). 

For example, the velocity component in the x-direction, U, is calculated at the faces that 

are normal to the x direction, and the control volume for CI is displaced one half control 

volume fkom the main control volume in x-direction (Fig. 3-5). The velocity component 

in y-direction, V, is calculated at faces that are normal to the y-direction and the control 

volume for Vis displaced one half control volume from the main one in y-direction (Fig. 

3-6). 
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Fig. 3-5 Control volume for U. 
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Fig. 3-6 Control volume for Y. 

The advantages of using a staggered grid system are obvious. First of ali, the 

pressure difference between any two adjacent grid points naturaily becomes the driving 

force for the velocity component located between the two grid points. The zig-zag 

pressure field shown in Fig. 3-4(a) is no longer felt as a uniform pressure field and could 

not become a possible solution. Another advantage is that if the continuity equation is 

integrated over the main control volume, the discretized f o m  will contain the velocity 

difference of adjacent velocity components, which will prevent a wavy velocity field. It 

seems that the difficulties descnbed earlier codd be attributed to the practice of 
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calculating al1 variables at one single grid system. With a staggered grid system, these 

difficul ties are completely eliminated. 

Now we return to our main problem-how to link the continuity equation to the 

momentum equation via the pressure term. With staggered grid, the discretized equation 

for CI can be expressed as: 

where the term (P, - Pp)Ay is the pressure force acting on the control volume for U (see 

Fig. 3-5). The discretized momentum equation (3-64) cm not be solved unless the 

pressure field is given or somehow estimated. If a guessed pressure field is given, the 

velocity field solved based on the guessed pressure field will be irnperfect and will not 

satisQ the continuity equation. We have to somehow correct the guessed pressure field 

and the velocity field during the iterative calculation so that the calculated velocity field 

will gradudly approach the real velocity field. Patankar (1 980) introduced the concept of 

pressure correction, P' , and velocity correction, LI' which are defined as follows: 

P=P.+P '  (3-65) 

where P' and LI' are guessed pressure and velocity fields, while P and U are real 

pressure and velocity fields. In order to show how the velocity correction responses to 

pressure correction, Patankar (1 980) proposed following relation: 

Wb =dw(P i  - P'). (3 -67) 
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where d, is a coefficient yet to be detemined. With this relation, the velocity correction 

formula (3-66) becomes 

uw = u: +dW(p; - P;). (3-68) 

This shows how the guessed velocity, CI:, is to be conected in response to the pressure 

corrections to produce II,. Recall that the continuity equation in two-dimensional form 

is 

d a 
-(PU) + -(pY) = O (3-52) 
dx ?Y 

If we integrate the equation (3-52) over the main control volume for grid point P (See 

Fig. 3-2) and then substitute the expressions given by the velocity correction formulas 

(such as equation (3-68)) for al1 velocity components, we obtain, after rearrangement, 

the following discretization equation for the pressure-correction, P' : 

a p P i  = a E P ;  +aWPk + a N P i  +asP;+b  (3 -69) 

As we see that the pressure correction term has been introduced into the continuity 

equation and in this way the continuity equation is iinked to the momentum equation. 

The modified continuity equation is called the pressure correction equation (equation (3- 

69)). The method used above is called the SIMPLE (Semi-Implicit Method for Pressure 

Linked Equation) algorithm which is proposed by Patankar and Spalding (Patankar and 

Spalding, 1972; Patankar, 1980). The execution of the algorithm is as follows: 

1. Guess the pressure field, PD. 

2. Solve momentum equations, such as equation (3-64), for and v. 
3. Solve the P r  equation and calculate P f?om equation (3-65). 
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4. Calculate the corrected U and Y using the velocity-correction formulas, such as 

equation (3-68). 

5. Solve the discretization equations for other variables (such as k, E, et al). 

6. Treat P as a new guessed pressure P*, r e m  to step 2 and repeat the whole procedure 

until a converged solution is achieved. 

The determination of the boundary conditions for the pressure correction equation 

can be based on the definition of the pressure correction itself. Recall that the boundary 

conditions for velocity components in this study are known or given at al1 bondaries 

(inlet, outlet, syrnrnetry axis and wall). The values of velocity components at these 

boundaries will not need to be corrected in ternis of equation (3-68). Therefore, the 

boundary conditions at a11 boundaries for the pressure correction, P', will be 

3.8.2. Solution of Discretized Equations 

We have obtained the two-dimensional algebraic equations for each variable 

involved in this study through the discretization procedure discussed in the previous 

section. The set of algebraic equations contains ni x nj equations for each variable, where 

ni and ni are the number of grid point in x and y directions for the flow domain. 

Application of the direct methods, such as Gauss-Jordan elirnination method, to solve 
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such a set of equation is impractical especially when a large nurnber of grid points are 

invo lved. 

The alternative is to use an iterative method. There are various formulations of 

iterative method which can be divided into two categories: point iterative method and 

Iine iterative method. The point iterative method, such as point Gauss-Seidel iterative 

method, Uivolves only one unknown in a formulation, while line iterative method 

involves more than one unknown (usually three unlmowns) in a formulation. The major 

disadvantage for point iterative method is that the convergence is too slow. The reason is 

that the boundary-condition information is transmitted at a rate of one grid interval per 

iteration. In this study we will use the line Gauss-Seidel iteration method (Hofnnann, 

1989). This Line-by-line scheme can be easily visualized with reference to Fig. 3-7. The 

discrete equations for the grid points dong a chosen h e  in y direction was considered. 

Since the variables at the grid points dong the two neighboring lines are hown values at 

k+l iteration level or at k iteration level, the equations for the grid points dong the 

chosen line would look like one-dimensional equation. The equation for each grid point 

has following form: 

This equation, applied to al1 j at a constant i, results in a system of linear equations 

which has a tridiagonal matrix coefficient and thus can be solved using the TDMA 

(TriDiagonal Matrbc Algorithm). In this shidy, we chose to use the line Gauss-Seidel 

iteration method in the y direction since the value of the dependent variables changes 
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more rapidly in the y direction and faster convergence can be achieved. Besides, the 

sweep direction is also important. A left-to-right sweep was employed in this study since 

a sweep fkom upstream to dowmtream would produce much faster convergence than a 

sweep against the stream. 

r) Lines of unlmowns resuiting in a system of linear 
algebraic equations which are tridiagonal 

i-l i i+l 

rn Boundary Conditions 

o Known values at k+l iteration level 

Values at k+ 1 iteration being calculated 
+ Known values at k iteration level 

Fig. 3-7 Gnd points employed in the Iine Gauss-Seidel iteration method 
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The overrelaxation and underrelaxation methods have been extensively used in the 

iterative solution of the algebraic equation to speed up or slow d o m  the change of 

variables. In this study, the underrelaxation has been used to ensure the stable and 

convergent solution since the equations to be solved contain strongly nonlinear 

convective terms. The general formula for introducing overelaxation and underrelaxation 

is as follows: 

where mk+' and ok are the values of variable 0 at k+l  and k level iteration. a is 

relaxation factor which is underrelaxation when Wa<l or overrelaxation when a>l. 

O"" is new value of variable cD after relaxation. Based on the discrete equation, such as 

equation (3-62), a"', at the grid point P, can be expressed as 

Substitute equation (3-73) to equation (3-72) and rearrange equation (3-72), we obtain: 

This equation shows that it is the coefficients a, and &, not variable 0, that have been 

underrelaxed. This underrelaxation method was proposed by Patankar (1980) and has 

been used in this study. 

Another problem is that how to declare the achievement of a convergent solution. 

In this study, we chose to check the balance of each variable for each control volume in 
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every iteration. The error or residuai for each variable for each control volume in every 

iteration is defined as: 

where the coefficients ai and Sc are updated values while the variables ai are the 

values calculated fiom previous iteration. When convergence is achieved, the residual, 

Ra should be equation to zero. In practice, the residual, Ra is required to be smaller 

than a given value. In this study, we have chosen to calculate the sum of the residuals of 

dl control volumes for each variable in the computationai domain and then to normalize 

it. To declare the convergence of the solution, this normaiized value should be smaller 

than 0.001. The normalization is done for continuity equation with the inlet Buid flow 

rate and for the momentum equation with the inlet momentun rate. Besides, one or more 

locations in the computational domain are checked to ensure the smooth change of any 

variable during the iteration procedure. As final convergence is achieved, the changes of 

the variables fiom iteration to iteration in whole computational domain should be 

negligible. 

3.9. Overall Algorithm 

The overail algorithm used for this study is based on the TEACH code proposed 

by Patankar and Spalding (1972). This code has been modified to include low-Reynolds- 

number mode1 (Abe et at, 1994) and mass transfer mode1 for calculating the wall mass 



CHAPTER 3. MODEL OF TURBULENCE 

transfer rate of reactants and corrosion products concemed. The block diagram of the 

overall algorithm is shown in Fig. 3-8. The computation steps are outlined as follows: 

1. Input parameters. Set grid parametee and program control parameters. Set inlet 

boundary values. Set turbulence constants. Call subroutine INIT to calculate 

geometry quantifies; set al1 variables to zero; and then set guessed pressure field. 

Calculate initial variable fields. 

2. Call PROPS to set initial flow properties (such as effective viscosity and difisivity, 

local turbulent Reynolds nurnber, the damping fiuiction). 

3. Call CALCU to calculate momenhun equation in axial direction. 

4. Call CALCV to calculate momentum equation in radial direction. 

5. Call CALCP to calculate modified continuity equation (pressure correction equation). 

6. Call CALCTE to calculate equation for khetic energy of turbulence. 

7. Call CALCED to calculate equation for dissipation rate of turbulent kinetic energy. 

8. Call CALCMH to calculate transport equation for chernical species, such as Oz, Fe-, 

Cu-, K, OH-). 

9. Call PROPS to calculate updated flow properties (such as effective viscosity, ,utfi 

effective diffisivity, Dep local turbulent Reynolds number, Re, and damping 

function, f,). 

10. Check convergence. If a convergent solution is not achieved, return to step 3. 

1 1. If a convergent solution is achieved, calculate final results for mass transfer rate, wall 

shear stress, near wall turbulence parameters and other relevant parameten and print 

out al1 these results. 
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The code structures for subroutines CALCU, CALCV, CALCP, CALCTE, 

CALCED and CALCMH are in a similar pattern. The main steps for such a code can be 

summarized as fo llows : 

1. Calculation of the area and volume for each control volume in the flow domain. 

2. Calculation of the convection, diffusion and source tenn coefficients. 

3. Assembly of the main coefficients: a, a ,  a, a, S, and S,. 

4. Introduction of the boundary conditions at the wall, symmetry axis and outlet. This 

was done by calling subroutine PROMOD. 

5. Computation of the coefficient a, and sum of absolute value of the Residual. 

6. Uses of line Gauss-Seidel iteration algorithm to perform left-to-right sweep and of 

TDMA method to solve the resulting set of algebraic equations at each sweep step. 

These were done by calling subroutine LISOLV. 
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1 properties 1 

1 

momentum PEh 

Calculation of 
initial field 

1 momentum 1 1 

N T  

I kinetic energy 
of turbulence 

issipation rat rn 
1 CALCMH 1 
1 mass transfer 1 

properties u 
1 and ~ n n t  1 

Fig. 3-8 The block diagram of the algorithm. 
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4. Model of Mass Transfer 

The mass transfer mode1 was used to calculate the wall-mass-transfer rate of the 

chernical species concerned in this study (such as 4, Fe2', Cu2+, OH' and W). The mode1 

includes two parts: Calculation of the species concentration distribution and calculation 

of the mass transfer coefficient. 

4 1. Time-A veraged Transport Equa tion 

[n analog to the treatment of the instantaneous velocity in section 3.3, the 

instantaneous species concentration can be replaced by the sum of the mean 

concentration and the fluctuating concentration: 

The instantaneous transport equation for species concentration can be expressed as 
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The terms on the lefi hand side are convection terms while the tems on the right hand 

side are diffusion terms. If we substitute equation (4-1) into equation (4-2) and then take 

tirne-averaging process on equation (4-2), we obtain 

The terni -du; is called the turbulent mass flux and has to be related to c or its gradient 

if equation (4-3) is to be solved. By analogy with Fick's law of diaision, we can write 

where D, is turbulent or eddy diffusivity of mass and, like the eddy viscosity, is not a 

fluid property but depends on the state of turbulence. In fact, the Reynolds andogy 

between mass transport and momentum transport suggests that D, is closely related to p, 

where o, is called turbulent Randtl Schmidt nurnber. It is defined as  the ratio of the 

eddy diffisivity for momentum transfer to the eddy diaisivity for heat/mass transfer. 

Based on the Reynolds analogy, the turbulent Prandtl Schmidt nurnber (o,) is equal to 

one. The experimental data for air indicate that the o, is close to one (Kays and 

Crawford, 1980). In this study the o, was set at 0.9 according to Kays and Crawford 

(1980). With equations (4-5) and (4-3), the two dimensional tirne-averaged mass 

transport equation in a cylindrical coordinate system can be expressed as 
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The D, is called effective diffusivity. In a similar manner as for ,K@ in equation (3-30), 

the effective dimisivity, D e .  is defined as the surn of molecular diffisivity and turbulent 

diffisivity and is expressed as 

CL DM = - CL, + - - PSC 
effective - P G m  w 

molecular turbulent 

4.1.1. Boundary Conditions 

The iniet conditions for dissolved species are different depending on the two 

specific cases concemed. In the case that the mas-transfer-entry-length effect on mass 

transfer section or working electrode is taken into account, a uniform or flat species 

concentration profile (normalized concentration F I )  is set at the inlet of computationai 

domain and remain uniform until the mass transfer section or working electrode is 

reached. If the entry effect is not taken into account, a fully developed species 

concentration profile is used at the inlet to the computational domain. Zero gradients can 

be set at the symrnetrical axis and outlet. At the wall, the normalized species 

concentration, c, are also different depending on following various situations: 

1 .  c,=O on mass transfer section or working electrode. 

2. c, = 1 on non-mass tram fer section or non-metallic spacer. 
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Above boundary conditions have been applied to al1 species concemed in this 

study for the calcdation of the concentration profiles. Although we may aware that in 

practice the concentration of corrosion product (such as Fe2', Cu2', OH-) at the corroding 

metal surface is higher than that in the bulk solution, instead of zero, the boundary 

conditions given above are still valid. The purpose of calculating the species 

concentration profile in this study is to calculate the wall mass transfer coefficient in 

pipeline flow. The experimental results of Berger and Hau (1 977), and Son and Hanratty 

(1967) have showed that the mass transfer coefficient is affected only by the Reynolds 

number (Re) and the Schmidt number (Sc = v / D  ) in fully developed pipe flow. It is also 

aKected by the distance fiom the mass transfer entrance (dd) in addition to the Reynolds 

nurnber and Schmidt nurnber in the m a s  transfer entrance length. Therefore, the wall 

mass transfer coefficient can be calculated ftom any concentration distribution which is 

solved fiom given Re, Sc (in fully developed flow), and x/d (in mass transfer entrance 

region). 

In the case of the corroding metal surface (e. g. working electrode) on which at 

least one anodic dissolution reaction and one cathodic reduction reaction will occur 

simultaneously, the electromigration effects are not taken into account since only 

uniform (or general) corrosion is considered where the metal surface is covered with a 

multitude of microscopic corrosion cells, with the anodic and cathodic sites intirnately 

mixed and in statistical change. In such cases there will be no concentration variations 

with respect to position on the metal surface but only with respect to the bulk solution 

and these will be governed solely by diffisional and convective mass transport 
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considerations (Postlethwaite and Sharp, 1969). As pointed out by Newman (1974) and 

Bianchi et al (1978) in general cornosion there is no separation between anodic and 

cathodic area, so that electric transport processes need not be considered. 

4.2. Mass Transfer Coefficient 

Based on Fick's law of ciiffision, the mass flux toward the pipe waI1 is expressed 

as 

As mentioned earlier, the application of the low Reynolds number mode1 enables the 

calculation of species concentration profiles al1 the way to the waII. If the fint node is 

placed within the diffusion controlled mass transfer sublayer within which the 

concentration profile is linear, the local mass transfer coefficient, K, can be calculated by 

rewriting equation (4-8): 

The mean mass transfer coefficients are estimated by integrating local values over a 

certain length of mass tram fer section. 

Ln this study the first near-wall node has been placed at y < 1 pm (where y' 5 0.1) 

fiom the wall in most of simulations. Two grid systems (91 x 41) have been used to 

evaluate the effects of the distance of first node from the wall on the calculation of mass 
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transfer coefficients (see Fig. 4-1). The results indicate that the concentration profile is 

approximately linear within diffusion controlled boundary Iayer (y+ 5 0.1) and equation 

(4-9) is suitable to estirnate the first derivative of the concentration profile. 

The diffision coefficients for O,, H' and OH* are 1 . 8 ~  W9, 9 . 3 4 ~  1 O-9 and 5 . 2 3 ~  1W9 

m'/sec respectively according to Cussler (1984) and Parsons (1959). The diffision 

coefficients for metal ions at 25 O C  c m  be calculated by using following equation: 

Taking h ,,. = 53 J and h ,,+ = 56.6 (Parsons, 1959) gives Dcu,+ = 753 x 1 O-'' m'/sec 

and LIFe2. = 7.1 2 x 1 O-'' m2/sec. 
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First node from the wall 

Fig. 4-1 Effect of the distance of first node fiom the wall on the evaluation of 

rnass transfer coefficients. 
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5. Model of Corrosion 

5.1. Basic Corrosion kinetics 

Metallic corrosion c m  be defhed as the destructive attack of a metal by chemical 

and electrochernical reaction with its environment. An overall corrosion reaction is 

composed of at least one anodic dissolution reaction of metal and one cathodic reduction 

reaction of oxidant. Since both reactions involve the transport process, a typical 

corrosion process c m  be divided into three basic steps: 

1. Transport of  oxidants (e.g. O,, H+) fiom bulk solution to metaVsolution 

interface. 

2. Surface electrochernical reactions during which the metal corrodes and dissolves 

into solution and oxidants are reduced on the corroding surface. 

3. Transport of dissolved corrosion product and fkom metaVsolution interface to 

bulk solution. 

The corrosion rate may be conîrolled or affected by any one of the above steps. The first 

step and the third step are directly affected by the mass transfer rate of the oxidants to be 



CHAPTER 5- MODEL OF CORROSION 

reduced on the metal surface and the dissolved corrosion product. in this study the 

effects of the mass transfer on the corrosion of metals throughout the m a s  transfer entry 

lengths in turbulent flow in pipes were investigated. Kinetic corrosion diagrams (E-log i) 

were constructed to determine the local corrosion rates for metds with a wide range of 

electrochemical rate constants, k,, corroding in neutral and acidic solutions. Iron was 

chosen as a representative of metals, with an hcomplete d-shell and a low value of k,, 

and consequently io, whose anodic dissolution is not af3ected by flow in the absence of 

film formation (Postlethwaite et al, 1978; Postlethwaite , 1970; Lorenz and Heusler, 

1987) and copper to represent metals with a complete d-shell (in the metallic state) 

whose anodic dissolution is flow sensitive (Postlethwaite et al, 1978; Faita et al, 1975; 

Bjomdahl and Nobe, 1984). Following Piontelli, Evans (1960) classified the two groups 

of metals as abnormal metals (Fe. Ni, . . .) and normal met& (Cu, Zn, . . .) with respect to 

their electrochemical behavior. Oxygen, hydrogen ion and water reduction are the 

cathodic reactions considered. In addition to corrosion rates the surface concentration of 

metal ions and pH along the entry length are established. 

h this study, the anodic dissolution of iron and copper and cathodic reduction of 

oxygen, hydrogen and water were assumed to proceed on the film-fiee inside surface of 

a tubular electrode, with intemal diameter of 25 mm. The Reynolds number ranged from 

10' to 10'. The flowing medium was aerated water at pH values of 1 and 6. 
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5.2. Anodic Dissolution of lron 

For the anodic dissolution of iron, the pH-dependent mechanism in acid solution 

proposed by Bochis et a1 (196 1) was used: 

FeOW + FeOW + e- 

where the reaction (5- 1 b) is rate-determining-step. 

The rate equation which takes into account the resistance to charge tansfer and 

mass transport has been derived based on the above pH-dependent mechanism. The 

detailed derivation procedure is given in Appendix 1. The final fom of the rate equation 

is as follows: 

where 4 is the exchange current density based on the buk ~ e ~ +  and O H  concentrations. 

The overpotential, 7, is E-E, where E, is based on the bulk ~ e "  concentration. 

The ~ e ~ +  concentration dependence of the exchange current density is: 

a log i, 

and the O H  concentration dependence of exchange current density is: 



where n is pH dependent. According to Bockris et a 
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(5-4) 

1. (196 l), n = l  in acid solution and 

n== O in near-neutral solutions. 

Since the cathodic partial is negligible at the net current densities observed in 

corrosion processes, because of small exchange cwent density, only the anodic part of 

the general equation is used: 

where bu = 
2.303RT . According to Bockris et al. (1961), a, = 15 giving b,=0.04 V at 

auF 

25°C. The exchange current density for iron dissolution, 9 x  IO4 Ah? at pH=3.1 and 

[Fe2+]=9x104 mol/dm3 (Bockris et al, 1961), was used as the reference value in this 

study. The bulk ~ e "  concentration for the present study was assumed to be IO4 mol/dm3, 

giving E,=-0.617 V at 25 OC. The calculated exchange current density at pH=l and 

Fe2+= 1 O4 movdm3 was 3.1 x 1 O* A/m2 and the value at pH=6 was estimated at 3.1 x 10" 

Mm2 based on the above study. 

5.3. Anodic Dissolution of Coppet- 

The anodic dissolution reaction of copper 

Cu e Cu" +2e 
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cm be regarded as being composed of two elementary steps: 

Cu+Cu++e 

Cu' + cu2+ + e 

According to Mattsson and Bockris (1959), the second step is the rate-determining-step. 

In this study, it is assumed that the cuprous ions do not diffuse away fkom the electrode, 

that their concentrations reach a value such that reaction (5-7a) and (5-7b) occur at the 

sarne rate and that reaction (5-7a) is in equilibriurn. The rate equation based on this 

mechanism is: 

i= i ,  -i, =i,, exp - - ICu2+ 1s exp(- F)] [ pz+]', 

In the case of copper, which has much higher iovalues than iron, the cathodic 

partial is not negligible at the net anodic current densities of the magnitude found in 

corrosion processes and the rate equation cannot be simplified as was done for iron 

above. 

The mass transport rate equation for Cu2' is 

Since uniform comsion with rnicroscopic corrosion cells was being modelled ionic 

transport is not a factor and t,,, 4. After eliminating [Cu2'Is nom equations (5-8) and 
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(5-9), the following current versus overpotential equation for metal dissolution was 

O btained: 

where 6, = 
2303RT 

and b, = 2J03RT.  According to Mattsson and Bockris (1959) 
aaF a,F 

a,=1.5 and ac=0.5 giving b,=0.04 V and bc=O. 12 V at 2S°C. The reference exchange 

current density, i, =32 Mm2 at [Cu2+]=0.0 1 1 moVdrn3, and the Cu2' dependence, 

a log io 
= 0.75 (Mattsson and Bockris, 1959), was used to detemine a value of i, a I O ~ [ C U ~ +  ] 

5.4. Oxygen Reduction 

For oxygen reduction the anodic partial is negligible, and the rate equation c m  be 

written as follows: 

The metaVso1ution interface concentration, [OJ, can be determined from the mass 

transfer equation: 

i=f lqF([O~lb- [4b)  (5- 12) 
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After eliminating [0JS h m  equations (5-1 1) and (5-1 2), equation (5-1 3) was obtained: 

where the cathodic Tafel slope for 0, reduction is b, = 
2303RT . Assuming ac=û.5 for 

a,F 

0 reduction gives b ~ 0 . 1 2  V at 2S°C. The Iimiting current density for 0, reduction is 

if,,, = 4Kq F [ Q ] ,  (5-14) 

5.5. Hyàrogen /on Reduction 

For hydrogen reduction 

The surface concentration c m  be d e t e d e d  nom the mass transfer equation: 

i = K, F([H'], - [H' 1, ) (5- 16) 

Eliminating ms fiom equations (5-15) and (5-16) gives after manipulation the same 

current versus voltage relationship given by equation (5-13). The cathodic Tafel dope 

for hydrogen ion reduction is 
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According to B o c k s  et al (1961), ab1 giving b9.12 V at 25OC. The limiting diffusion 

current density for hydrogen reduction is 

i& = K, F[ H+ 1, (5- 1 8 )  

5.6. Water Reduction 

Since water molecules are present in virtually unlimited quantities at the 

metavsolution interface, the water reduction rate is only controlled by the charge transfer 

process and the rate equation has pure Tafel behavior: 

The Tafel slope for water reduction is assumed to be the same as that for H* 

reduction (Nesic et al, 1996). 

5.7. lmplementation of the Corrosion Mode1 

To construct the corrosion diagram (Ellogi curves) and then to determine the type 

of corrosion behavior and surface metal ion concentration and surface pH profiles, the 

local mass transfer coefficients of O ,  K. OH; cd' and ~ d '  in the mass ûansfer 

entrance length and fully developed region at various Reynolds numbers were 

determined by solving the set of transport equations (equations (3-25) to (3-29) and 
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equation (4-6)) simultaneously and then nom equation (4-9). Equation (5-13) was used 

to determine the EAogi curves for oxygen reduction and hydrogen ion reduction 

respectively and equation (5-19) for water reduction. Equations (5-5) and (5-10) were 

used to determine EAogi curves for iron and copper dissolution respectively. The 

corrosion potential, E,, was determined numerically by deterininhg the value of E at 

which 

The corrosion current densities, i, for iron and copper are then determined fkom 

equations (5-5) and (5-10). The metaVsolution interface concentrations of F&+ and C$' 

are calculated as follows: 

[M"], = Lrr + [M"] ,  
ZFK,:, 

Considering the fundamental dennition of pH in terms of hydrogen ion concentration 

(pH = - log[H+ ] where the unit for v] is rnol/dm3) and knowing the ionization 

constant for water to be 10"~ at 2S°C, the metal surface pH is determined by 

where the [OH-], is buk hydroxyl ion concentration (mol/d). Equation (5-22) is valid 

ody when the current density for hydrogen evolution is negligible compared to that for 

oxygen reduction. 
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It should be mentioned that although exchange current densities for the above 

mentioned electrochemical reactions are based on previous experimental results (e. g. 

Bockris et al, 1961; Mattsson and Boclais, 1959), they are not reproducible. They Vary 

substantially with small changes in the metal and solution composition and with the 

experimental technique used to determine them. Thus, in this study any calculation done 

for corrosion which is wholly or partially charge transfer control is doue to illustrate the 

type of behavior to be expected rather than predict actual corrosion rates with any degree 

of accuracy. On the other hand mass transfer rate can be determined or calculated within 

10% of error and wholly mass transfer controlled corrosion rates can be accurately 

predicted. 
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6. Results and Discussion 

6. 1. Introduction 

Al1 simulation results and experimental observation done for this study are 

presented in this chapter. The low Reynolds number k-E eddy viscosity mode1 was first 

used to predict the pipe-wall mass transfer rate in the developing concentration boundary 

layer region under hilly developed hydrodynamic conditions, and tested against previous 

electrochemicai measurement results (section 6.2). This turbulence model was then 

applied to simulate the effects of mass transfer on the corrosion of metals throughout the 

mass transfer entrance region in turbulent pipe flow (section 6.3). The low Reynolds 

number k-E mode1 was used to determine the local mass transfer coefficients and the 

corrosion model was used to construct the EAogi corrosion diagrams which take into 

account the effects of mass tramfer resistance on the both anodic and cathodic reactions. 

in section 6.4, the turbulence model and the corrosion model have been applied to the 

numerical simulation of the effects of both electrode misalignrnent and m a s  transfer 

entry length on corrosion rate measurements in turbulent pipe flow. The interfacial rnetal 
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ion concentration and pH profiles were also deterrnined in both section 6.3 and section 

6.4 for mass transfer controlled, partial mass transfer controlled and charge transfer 

controlled corrosion and discussed in ternis of their possible effect on film foxmation. 

The experimental observation results of the disruption of corrosion films fomed on 

copper in flowing aerated 3% NaCl solution are presented in section 6.5. The resulting 

interaction between the disturbed flow and the films are also discussed in this section in 

terms of the near-wall turbulence parameter profiles caiculated by the k-E turbulence 

model. 

6.2. Prediction and Cornparison with Experimental Results 

6.2.1. Introduction 

As outlined in the literature review, a number of experimental studies of mass 

transfer to the pipe wall both in the developing concentration boundary layer and in the 

fully developed regions in turbulent flow have been published. This provides abundant 

experirnental data to test the turbulence mode1 used in this study. In this section, the low 

Reynolds number k-E eddy viscosity model h a  been used to predict wall-mass transfer 

rates in the region of developing concentration boundary layer and compared with 

previous experiments. This model is then app lied to predict the entrance length e ffects, 

relating to the discontinuity caused by the electrical insuiation, on small local cathodes 

located in a large active cathode. 
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6.2.2. Computational Domain 

The computational dornain is shown in Fig. 6-1, where the mass transfer section 

commences at 100 mm. Non-uniform staggered grids (91x40) were used with the 

majority of nodes clustered in the near-wall region and mass transfer entrance region. 

The first near-wall node was placed at y=OS-lpm so that y+lO.  1, and the h t  node 

close to the mass transfer entrance was placed at x=lpm. In order to account for the 

rapid change of concentration profile caused by the insulahg layer of epoxy resin in the 

near wall region in the case of small electrodes embedded in large active electrodes, a 

finer grid system, 201x60, was used with the fïrst near-wail node placed at y=0.2 Fm. 

Flow - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Computational Domain 
Inlet cb=l  c b=l 

v ! i - >  ~ a s s  transfer section 

Fig. 6-1. Computational domain. Fully developed flow at inlet. Mass transfer 

section commences at 100 mm. Concentrations c, and c, are normalized. Pipe 

diameter: 54.8 mm, 25.4 mm and 40 mm. 
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6.2.3. Mass Transfer Entrance Length 

Grid independence test Two grid systems (9 1 x40 and 121 x60) have been used 

to evaluate the grid dependence of the computational results. The cornparison is s h o w  

in Fig. 6-2 where it is seen that the grid system (91x40) is sufficiently accurate to 

calculate the mass transfer coefficient profile in mass transfer entrance region when 

~ / d >  1 0-3. 

Cornparison of NT and AglV low Reynolds number models The predicted O\IT 

and AKN low Reynolds number rnodels) and measured (Berger and Hau, 1977) wall- 

mass transfer rates, expressed in temis of mean Stanton numbers, in the developing 

concentration boundary layer and fully developed regions are compared in Fig. 6-3 for a 

Reynolds nurnber of 63,200. Since the measured mass transfer rates are the mean value 

for each mass transfer test section, the numerically predicted local mass transfer rates 

have been averaged over each m a s  transfer section. The Stanton number in the fùlly 

developed region where, 

given by Berger and Hau (1977) is also shown. In the developing concentration 

boundary layer region, the predictions with both, NT and AKN, L W  models are in good 

agreement with the experirnental measurements. In the fully developed region, both 

models give predictions that are lower than the measurements, wiîh the relative error - 
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18.5% for the NT model and -7% for the AKN model. Therefore, the AKN LRN model 

was used for the remainder of the study. 
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Grid systems 
91x40 

Fig. 6-2 Evaluation of grid dependence on computational results. 
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AKN model (Abe et al, 1994) 
------- NT model (Nagano & Tagawa, 1990) 

Exp. (Berger & Hau, 1977) 
Correlation (Berger & Hau, 1977) for 
fully developed mass transfer 

8 -  --------___ 

10-5 ' 
r i , i l  . 1 . . a . .  1 . . . . . . a l  1 

1 0-3 1 O-* 1 0-1 I 00 1 01 
L/d 

Fig. 6-3 Variation of mean Stanton number with L/d; Re=63,200, d=54.8rnm, 
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6.2.R 1. Cornparison with Experinients of Son and Hanraw 

The experimental studies of Son and Hanratty (1967) of mass transfer in the 

developing concentration boundary layer region were first numerically simulated. As 

mentioned in the literature review, Son and Hanratty applied the Limiting diffision 

current technique to measure the mass transport rate of Fe(CN)/ ion fiom buk solution 

to the pipe wall electrode in turbulent pipe flow. Ir? the Son and Hanratty experiments 

ten test sections with interna1 diameter of 25.4 mm and varying lengths fiom 0.0 1 77 to 

4.31 pipe-diameters, were used, with Reynolds numbers fkom 4000 to 62.000 and a 

Schmidt nurnber of 2400. 

The variation of predicted dimensionless mean mass transfer coefficients, CR>, 

with dimensiodess distance fiom the entrance, L', are shown in Fig. 6-4, where they are 

compared to the results of Son and Hanratty (1967). It is seen that the present numerical 

predictions are in good agreement with the measurements for four Reynolds numbers in 

the mass transfer entrance region. In the fully developed region, the predictions are aiso 

in good agreement with the measurements with reiative error less than 5%. The 

predictions indicate that the entrance length needed for the local mass transfer coefficient 

to becorne fùlly developed, K+= K:, varies nom L+=2500 (Udz4.32) for Re=10,000 to 

L'a1 700 (L/d=0.58) for Re=55,100 at Sc=2400. The entrance length for the mean mass 

transfer coefficient to approach the fûlly developed value, c K + ~ K L ,  varies fiom 

L W  .Sx104 (Wd42.48) for Re=20,000 to L ' d  M O 4  (LJd3.81) for Re=55,100. Both 
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predictions for dimensionless entrance lengths are in good agreement with other 

researchers' experimental results (Shaw and Hanratty, 1977; Shaw, 1963; Son, 1965). 
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Re=55,100 O------ Re=40,000 
-*...-.-.... Re=20,000 --- Re=10,000 

Exp. (Son & Hanratty, 1967) - Correlation (Son & Hanratty, 1967) 

for fully developed mass transfer 
Re=8770-55,100 Sc=2400 

Fig. 6-4 Variation of dimensiodess mass transfer coefficient with L'; d=25.4 

mm. 



CHAPTER 6. RESUL 73 AND DISCUSSION 

6.2.3.2.Compurison with Experiments of Berger and Hau 

The experimental studies of Berger and Hau (1977) of mass transfer in the 

developing concentration boundary layer region were then numencally sirnulated. 

Berger and Hau also applied the limiting diaision current technique to measure the mass 

transport rate of F~(CN),/ ion to a pipe wall electrode in turbulent pipe flow. Thek study 

included experiments with nine mass transfer sections with an intemal diameter of 54.8 

mm and varying lengths fiom 0.008 to 9.12 pipe-diameters, with Reynolds numbers 

fiom 1.2% 1 O4 to 1 3 5  1 O4 and a Schmidt number of 2244. 

The variation of the predicted and measured (Berger and Hau, 1977) mean Stanton 

numbers with L/d in the region of developing concentration boundary layer, for four 

different Reynolds numbers, are shown in Fig. 6-5, as well as the Stanton numbers in the 

fully developed region. The predictions are in excellent agreement with the 

measurements for al1 four Reynolds numbers in the region of developing concentration 

boundary layer. In the hlly developed region, the predicted Stanton numbers are very 

close to the experimental values. 

The above tests show that the predictions of the mass transfer are in good 

agreement with the electrochemical measurernents of Son and Hanratty (1967), and of 

Berger and Hau (1977) in both the developing concentration boundary layer region and 
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the fully developed region. While the experimentd results of Son and H m t t y  (1 967) in 

the developing boundary region were expressed by the following correlation: 

which is derived by Son and Hanratty (1967), the experimental results of Berger and 

Hau (1977) in the developing concentration boundary region were best fitted with the 

integrated Leveque equation: 

Since the predictions are in good agreement with both experimental results, the 

correlations (6-2) and (6-3) shouid be equivdent despite the different dimensionIess 

form used. In fact, the denvation (see Appendix II) has showed that equation (6-2) can 

be derived fkom equation (6-3) by using Blasius fiction relation: 

f = 0.3 16 ~ e ~ . "  4000 < Re < IO*. 
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A 0 o aExp. (Berger & Hau, 1977) 
Predictions 

-- Correlation (Berger & Hau, 1977) 

Fig. 6-5 Variation of mean Stanton number with L/d; d=54.8 mm, Sc=2244. 
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6.2.3.3. Concentration Distribution in Entrance Region 

The normalized simulated concentration distributions of F ~ ( c N ) ~  for four 

Reynolds numbers in the mass transfer entrance region where the concentration 

boundary layer is developing (Fig. 6-6) show the effect of the Reynolds number on the 

entrame length and on the thichess of the fully developed concentration boundary 

layer. The variation of local Stanton nurnbers (calculated fkom the simulated local mass 

transfer coefficients) with L/d is shown in Fig. 6-7. The mass transfer rates approach 

infinity at the beginning of the mass transfer section. For ail Reynolds numbers 

investigated, the Stanton numbers reach the fully developed values at L/dS.  If the 

entrance length is defined as the distance f?om the entrance to where the local Stanton 

number reaches a value 5% higher than the fully developed value, the entrance length, 

based on the predictions, was found to vary f?om L / d d  for Re=12,900 to Lld.iO.25 for 

Re=135,000 at Sc=2244. If experiments are to be done under conditions where the effect 

of the entrance length c m  be neglected and the mean mass transfer coefficients approach 

the fûlly developed values then L/d values ~ 9 . 7  at Re=26,000 to L/d=1.6 at Re=135,000, 

with Sc=2244 are required. 

Fig. 6-8 shows the variation of concentration profile with distance fiom the 

entrance in the near-wall region. 1t is seen that the concentration profile undergoes a 

rapid change after entenng the mass transfer section. An onginal Bat profile changes to 
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one exhibiting a large gradient of concentration near the wall. Finally, a fûlly developed 

concentration profile is reached if the mass transfer section is long enough. 

The predicted momentum and mass transfer transport coefficients pM and DM in 

the fully developed concentration boundary layer region for Re=63,200 and Sc=2244 are 

shown in Fig. 6-9. Far fiom the wall (y21 mm), the effective viscosity is about 10 times 

larger than the molecular viscosity, indicating that the flow is dominated by turbulent 

transport. As the wall is approached, the magnitude of effective the viscosity approaches 

the value of the molecular viscosity, indicating that the turbulence is gradually being 

damped. Consequently, the viscous sublayer with a thickness of y=60 pm is fonned, in 

which the tlow is controlled by viscous forces. Although very tinle turbulence is retained 

at the edge of the viscous sublayer, the effective diffisivity is still about 60 t h e s  larger 

than the molecular diffisivity. This demonstrates that residual turbulence, which has 

negligible effect on momentum transport, still has considerable effect on mass transfer. 

This behavior is to be expected for fluid with a large Schmidt number. The turbulent 

diffisivity is reduced as the wall is approached, becoming insignificant at about 4 pm 

fiom the wall (yt.iO.25) when mass is transported exclusively by molecular diffision. 
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Fig. 6-6 Normaiized concentration distribution of Fe(CN): in the developin 

concentration boundary layer region for four Reynolds numbers. Lines 

correspond to the normalized concentration contours. 
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concentration boundary layer region for four Rq 

correspond to the normalized concentration contours. 
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Fig. 6-7 Variation of local Stanton number with Ud; d=54.8 mm. 
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Nomalized concentration of F~(cN):- 

Fig. 6-8 Change of concentration profile with distance from the entrance in 

the near wall region; Re=63,200, d=54.8 mm, Sc=2244. 
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Fig. 6-9 Variation of transport coefficients with the distance from the wall; 

Re=63,200, Sc=224-4, d=54.8 mm. 
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6.2.4. Smaii Local Cathode 

As mentioned in the literature review, Schutz (1964) applied the lïmiting diffusion 

current measurement technique to measure local mass transfer rates in the region of the 

developing concentration boundary layer, in a 40 mm diameter tube. Schutz's 

experimental study was nurnerically simulated in order to investigate the potential errors 

in the application of small electrodes to measure local mass transfer coefficients in mass 

transfer entrance regions. The turbulence model used in this study is a two-dimensionai 

model and as a first approach short tubular electrodes were used for the numerical 

simulations. In Schutz's experiment, 18 round local electrodes of 1 to 3 mm diarneter 

were fitted into a large active cathode. The h t  local electrode was mounted 2 mm kom 

the entrance. The small electrodes were electrically insulated fkom the large cathode by a 

0.1 mm thick layer of epoxy resin. 

6.2.4. LConcentration Distribution around Srnall Cathode 

The sirnulated profiles of mass transfer coefficient and surface species 

concentration in the mass transfer entrance region, with a 1 mm long tubular local 

electrode and 0.1 mm insulation, are shown in Fig. 6-10. The normalized simulated 

concentration distributions of F~(CN):- in the region around the mal1 electrode are 

shown in Fig. 6-1 1. It can be seen fiom Fig. 6-10a that the largest change in the local 

mass transfer coefficient occurs in the Ieading edge region (<0.2 mm from the entrance). 

Thus, a much smaller electrode, Say 10 prn in diarneter with 1 pm insulation, would be 

1 O7 
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needed to discriminate the local mass transfer rate in this region which would impose 

severe practical difficuities. In the remahhg entrance region and filly developed region, 

it is possible to use local electrodes to measure local mass transfer coefficients. 

We cm aiso see fkom Fig. 6-10b and Fig. 6-1 1 that the concentration distributions 

are disturbed by the insulating junction. The nomalized surface species concentration 

jumps from zero to about 0.35 because there is no mass transfer on the surface of the 

electrical insulation around the small electrode isolation, whicti results in the 

enhancement of the mass transfer coefficient at the leading edge of the local eiectrode 

(Fig. 6-10a) and causes the error in the measurement of local mass transfer rate. Fig. 6- 

12 shows the effect of electrode size on the measurement error. When a 1 mm wide local 

electrode with 0.1 mm insulation is used to measure the m a s  transfer coefficient, the 

measured value is 7.6% higher than the true value. When a 0.1 mm wide electrode with 

0.1 mm insulation is used, the measured value is 45% higher than the true value. The 

influence of electrical insulation thichess on measurement error caused by the edge 

effect is shown in Fig. 6-13, where we cm see that thicker insulation creates larger 

errors. 

In the experiments done by Deslouis et al (1980, 198 l), a microelectrode of 80 pm 

diameter with 10 pm insulation was used to measure local mass transfer coefficients. 

The present simulation (Fig. 6-14), with 10 pm insulation in a straight pipe shows that 
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when a local tubular electrode 80 pn electrode is used the measured value is predicted to 

be 8.6% higher than the true value, which would be acceptable. 

The simulations in Fig. 6-12 and Fig. 6-14 were with a two-dimensional mode1 

and the results apply only to the center line for round local electrodes. it can be inferred 

fiom Fig. 6-12 and Fig. 6- 14 that the round local electrodes, which were used by Schutz 

(1964) and Deslouis et al (1980, 1981) will produce larger errors than the tubular local 

electrodes simulated in the present study. Small rectangular local electrodes would give 

smaller errors than round electrodes with the same surface area. 

The above calculations demonstrate the severe practical limitation in measuring 

local mass transfer coefficients in the leading edge area (~0.2 mm) of mass transfer 

entrance regions in pipes. In the remaining region of the entrance section and fûlly 

developed concentration region, use of local tubular electrodes would give values close 

to the true values providing the insulation is sufficiently thin. The application of 

numerical simulation conditions can assist in assessing the emors during the 

experimental design stage. Three-dimensional simulations would be preferred for small 

round local electrodes. Unfortunately the simulation tirne increases quadratically with 

the nurnber of nodes. Three-dimensional fine mesh requirements for mass transfer 

simulations at the high Schmidt numbers encountered in aqueous solutions would 

require considerably more computing power than used in the present study, where the 

simulation times, with a SPARC station 20-6 12, are 50 minutes for the nodes of 9 1 x4O 

and 224 minutes for the nodes of 121x60 for Re=63,200. Three dimensional 
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computational grids would require several orders of magnitude greater simulation times 

and would also lead to severe memory problem with the size of the arrays generated. 
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Fig. 6-10 Variation of the profile of mass transfer coefficient and surface 

species concentration in the mass transfer entrance region of a 40 mm 

diameter pipe. A 1 mm long tubular electrode with 0.1 mm insulation is fitted 

into a large active cathode. 
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Fig. 6- 1 1 Normalized concentration distribution of Fe(cN):- in the small 

electrode region; Re=40,000, Sc-2 170, d=40 mm. Lines correspond to the 

normalized concentration contours. 
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Fig. 6-12 Effect of local electrode width on meamernent error. Insulation 

thickness: 0.1 mm; Re=40000; Sc=2 170; d=40 mm. 
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Fig. 6-1 3 Effect of insulation thickness on measurement error. TubuIar 

electrode length: 1 mm; Re=40000; Sc=2170; d=40 mm. 
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Fig. 6-14 Effect of local microelectrode width on measurement error. 

Insulation thickness: 10 um: Re=40000: Sc=2170: d=40 mm. 
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6.3. Application to Corrosion Modelling in Mass Transfer 

Entrance Region 

6.3.1. Introduction 

Flow sensitive corrosion rates will Vary dong the mass transfer entry length where 

the concentration boundary layer is developing and the local mass transfer rates are 

much higher than the fully developed values. Flow sensitivities of the corrosion rates 

relate to effects of flow on the anodic and cathodic reactions; including film formation 

following metal ion concentration and pH changes at the corroding surface. 

The calculation of corrosion rates in the m a s  transfer entrance region has important 

technical applications. For exarnple, the corrosion at a pipe wall where small patches of 

protective film have been removed will occur within a developing mass transfer 

boundary layer. hother  application is the calculation of the entrance effect when using 

pipe wall electrodes to measure corrosion rates in pipes. In both these examptes there 

will be a sharp decrease in the rates of mass transfer of corrosion products and reactants 

as the mass transfer boundary layers develop. The decrease in mass transfer rates will 

lead to a decrease in the corrosion rates with the magnitude detennined by the extent to 

which mass transfer controls the overall corrosion reaction. 

The average m a s  tram fer coefficients, cK>, in the mass transfer entry region can 

be detemiuied kom the integrated hvbulent Leveque equation (Berger and Hau, 1977) 



CHAPTER 6. RESUL TS AND DISCUSSION 

and locd point values, K, fiom the differentiated form 

The m a s  transfer entry length cm be defined a s  the distance fkom the entrance where 

local mass transfer rate attains the fully developed value (Berger and Hau, 1977). These 

equations have a very limited range of validity, depending on the Reynolds number. For 

example, the range of validity changes fiom O c  L/d c 0.5 for Re 5 IO4 to O< L/d c 0.1 

for Re > 10' (Berger and Hau, 1977). In general, equations (6-5) and (6-6) only apply to 

less than 10% mass tram fer entry length . 

In the previous sections, the low Reynolds number k-E turbulence models were 

used to successfûlly simulate the experimental mass transfer results of Son and Hanratty 

(1967) and Berger and Hau (1977) throughout the mass transfer entry length nom the 

entrance to fully developed 80w conditions (Wang, et al, 1996). 

In this section the effects of the mass transfer on the corrosion of metals 

throughout the mass transfer entry lengths in turbulent flow in pipes were investigated. 

Kinetic corrosion diagrams (E-log i) were constmcted to detemine the local corrosion 

rates for metals with a wide range of electrochernical rate constants, k,, corroding in 

neutral and acidic solutions. As mentioned in section 5.1, iron has been chosen as a 

representative of metals, with a low value of exchange current density, i,, whose anodic 

dissolution is not affected by flow in the absence of film formation and copper to 



CHAPTER 6. RESUL TS AND DISCUSSION 

represent metals with a relatively high exchange current density, i,, whose anodic 

dissolution is flow sensitive. The cathodic reactions considered include oxygen, 

hydrogen ion and water reduction. In addition to corrosion rates the surface 

concentration of metd ions and pH along the entry length are established. 

6.3.2. Iron 

In the following sections the corrosion rates, surface ferrous ion concentration and 

pH are investigated. Two situations are considered: the corrosion is under charge transfer 

control; and the conosion is under mass transfer control. 

6.3.2. I .  Charge Transfer Conirol 

Fig. 6-15 shows the effects of Reynolds nurnber on EAogi curves for the Reynolds 

number of 1 O* to 1 0' in the fully developed mass transfer region at pH=l . Fig. 6- 16 

shows the mass transfer entrance eEect on the EAogi curves at Re=104 and pH=l. In 

both cases the solution is assumed to be deaerated and oxygen reduction is not taken into 

account. It is seen fiom Fig. 6-15 and Fig. 6-16 that E,, is in the potential region where 

corrosion is solely under charge transfer control. The flow effects on the hydrogen 

evolution reaction occur outside the range of the corrosion potential. In Fig. 6-17 the 

~ e ~ '  concentration at the rnetal surface along the mass transfer entry length is show at 

various flow rates. For each Reynolds number, the surface ferrous ion concentration 

increases along the length of the mass transfer section, approaching a stable value in 

fully developed conditions. The non-unifonn surface ferrous ion concentration profiles 

cm be explained by reviewing the calculation of the interfacial ferrous ion concentration 
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where i,, is constant for charge tramfer controlled corrosion. Since the mass transfer 

coefficient for ferrous ions, KFe,, , decreases along the mass transfer enûy length and 

increases with rising Reynolds nurnber, the resulting surface ferrous ion concentration 

will increase along the entry length and decreaçe with increasing Reynolds nurnber. 

The surface pH value is almost the sarne as buik pH value because of high bulk H' 

concentration and high mass tramfer coefficient for H+ and film formation would not be 

possible under these conditions. 



CHAPTER 6. RESULTS AND DISCUSSION 

Fig. 6-1 5 Effect of Reynolds nurnber on EAogi curves in fully developed 

region; a: anodic iron dissolution, c: hydrogen evolution; buk pH=l, 

deaerated solution. 
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Fig. 6-16 Effect of the mass transfer entrance on EAogi curves; a: anodic iron 

dissolution, c: hydrogen evolution; Re=1O4, buik pH=l, deaerated solution. 
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Fig. 6-1 7 Corrosion rate and surface concentration of dissolved Fe2' ion as a 

function of the distance fiom the leading edge of the mass transfer entrance at 

various Reynolds numbers; bulk p H 4 ,  deaerated solution. 
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Turgoose et al's studies (1995) showed that the ferrous ion concentration on 

metaVsolution interface decreases as  the leading edge of the electrode is approached with 

constant corrosion rate assumed. This corresponds to the above case in which the 

corrosion is under charge transfer control. 

6.3.2.2.Mass Transfer Cuntrd 

If the solution pH is greater than 4, the cathodic current for IT reduction is 

negligible compared to that for Oz reduction. The EAogi curves are ploned in Fig. 6-1 8 

as a function of Reynolds number in the fully developed mass tram fer region and in Fig. 

6-19 as a function of the distance from the entrance at Re=104. The solution pH is 6 and 

oxygen reduction is considered. From both Figures we can see that the corrosion 

potential is in the region where corrosion is solely controlled by the transport of O, fiom 

the bulk solution to the metal surface. Under this condition the corrosion rate decreases 

along the mass transfer entrance (Fig. 6-20), and increases with increaçing Reynolds 

number. It is interesting to observe fkom Fig. 6-20 that although the corrosion rate 

increases by one order of magnitude when the Reynolds number increases from IO4 to 

10' and when the leading edge of mass transfer entrance region is approached, the 

surface ~ e "  varies very little with Reynolds nurnber or the distance fiom the mass 

transfer entrance. This c m  be explained by reviewing the calculation of the interfacial 

ferrous ion concentration 
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where, 

From equations (6-8) and (6-9): 

where the bullc oxygen concentration [O,], is constant. Based on the numerical 

simulation, the ratio of the mass transfer coefficient of 4 to that of Fe2+, (KG /KFe2. ), is 

alrnost constant in the entrance and fully developed regions for the range of Reynolds 

numbers investigated. This characteristic can also be confirmed by reviewing turbulent 

Leveque equation (equation Fig. 6-5) for the mass transfer entrance region and straight 

pipe correlation of Berger and Hau (1977) for hily developed region: 

where it is seen that the ratio of mass transfer coefficients of two species is constant in 

both entrance and fully developed region: 

where DG and DFe,. are the diffusion coefficients of 0, and ~ e ~ '  ion. This is in 

agreement with our prediction. 

The surface pH values for various Reynolds numbers are shown in Fig. 6-21 as a 

function of the distance from the leading edge of mass transfer entrance region where it 
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is seen that there is no entrance effect on surface pH value when the corrosion process is 

controlled by the transport of oxygen to the metal surface. The high surface pH value is 

caused by the high O H  concentration which is produced by the oxygen reduction 

reaction: 

The explanation for the lack of change of the surface Fe2' concentration also 

applies to the surface pH value as well. The predictions (Fig. 6-21) indicate that solution 

flow has no effect on the surface pH value, which is M e r  confirmed by the fact that 

the predicted surface pH value (pe40.7) for the Reynolds number range investigated is 

very closed to the calculation @H=10.9) of Engell and Forchhammer (1965) in stagnant 

solution. 

In brief, the surface concentration of dissolved metal ion and surface pH (although 

substantially different to the bulk values) Vary little with Reynolds number and the 

distance fiom the mass transfer entrance. This is a result of the fact that the ratio of the 

mass transfer coefficients for the various species remains constant throughout the mass 

transfer entry length and also maintains the same value with changing Reynolds 

nurnbers. 

For laminar flow the difierential form of Leveque equation (Shaw et al, 1963) is 
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Cornparison of equation (6-14) with equation (6-6) indicates that the ratio of the mass 

transfer coefficients of two species can also be expressed by equation (6-12) and is 

constant. Therefore, above conclusion also applies to lamina. flow. 

Knowledge of both surface metal ion and surface pH value can be helpfbl in the 

prediction of the precipitation of hydroxide a d o r  oxide. As nearly constant surface 

concentration of dissolved metal ions and surface pH value are predicted when corrosion 

is under oxygen mass transfer control, conditions for film formation are uniform 

throughout the mass transfer entrance region. The high surface Fd' ion concentration 

and pH that have been predicted in this study would cause the formation of film. For 

example, in the Fe-H,O system, Fe(OH), precipitation might occur: 

The Pourbaix potential-pH diagram (Pourbaix, 1966) for Fe-H,O system shows that in 

the predicted corrosion potential ranged from -0.39 V to -0.44 V the point with the 

predicted surface pH=10.7 is in the stable zone of solid Fe(OH), while the point with 

bulk pH=6 falls in the stable zone of ~ e ~ ' .  The formation of the surface film will 

complicate the determination of the surface ~ e ~ '  concentration and pH value which will 

depend on the properties of the film (thickness, compactness, and film diffision 

coefficient). 
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Fig. 6- 1 8 Effect of Reynolds number on Enogi curves in fully developed 

region; a: anodic iron dissolution, c: oxygen reduction with water reduction 

included at more negative potential ( E ~ 0 . 9  V); bulk p H 4 ,  bulk [0J=8 

PPM. 
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Fig. 6-19 Effect of the mass transfer entrance on E/logi curves; a: anodic iron 

dissolution, c: oxygen reduction with water reduction included at more 

negative potential (Ec-0.9 V); Re=104, bulk pH=6, buk [02]=8 PPM. 
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Fig. 6-20 Corrosion rate and surface concentration of dissolved ~ e "  ion as a 

function of the distance fiom the leading edge of the mass transfer entrance at 

various Reynolds numbers; bulk pH=6, bulk [0J=8 PPM. 
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Surface pH 
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Fig. 6-2 1 Surface pH as a fûnction of the distance nom the mass transfer 

entrance at various Reynolds numbers; buk pH=6, buk [02]=8 PPM. 



? 
35 
F 

CHAPTER 6. in. -1 . F . i '  h 
!r 2 

3 

:ed ChargeMass Transfer Contro C 3 a 
E! es have s h o w  that the corrosion of copper ?a. ,Jj, cc a 

f dissolveci metal ions or complex ions £ion. b- - f - 
Iling in the range where oxygen reduction i 1 -\ -2- .'?a P - 

3 
1975). Fig. 6-22 and Fig. 6-23 illustrate - . - ' * ~ a t ; - a  

?@ 

showing the anodic dissolution under mi1.  - c h g t  B 
ie ox ygii  reduction under charge transfer CO- Y !  :: L , .$ 

ir 
r*S; * a the corrosion rate and sudace cupric it; - - - . :cm e 

e from the leading edge of rnass transfer ent - re:mi 
"T! 

'he corrosion rate increases with nsing 1 3 i w h .  [Cs .A-! 
31 
Ee, 

i s s  transfer entrance length. The influence < -s cm- * 
small u ith the corrosion rate increasing %; 1 ' 2  f lr  

Ids nuniber. This can be contrasted with ?-+- btL::: ;O 

n mass transfer control (Fig. 6-20) where tl . :: . ~ ~ : . , i x  

e0.9 in hl I y developed conditions. 

1 ion concentration decreases with Uicreasii :; 

: entrnnce length. This contrasts the mas! 1:rr ztèr  cc 

on (Fi p. 6-20) where [ ~ e ' + l -  [ ~ e * + ] ,  was t... aaorit _; 

3 
id the position in the entrance length. It is l ~ ~ - ;  ?or :a * 

9 

!E e! 
aL. 

i 



CHAPTER 6. RESUL TS AND DISCUSSION 

6.3.3. Copper 

6.3-3- 1. Mired ChargdMass Transfer Contrd 

Previous shidies have shown that the corrosion of copper is partially controlled by 

the mass transport of dissolved metal ions or complex ions fiom the surface to the bulk 

solution with E,,, falling in the range where oxygen reduction is under charge transfer 

control (Faita et al, 1975). Fig. 6-22 and Fig. 6-23 illustrate this situation with the 

corrosion diagrams showing the anodic dissolution under rnixed charge and mass 

transfer control and the oxygen reduction under charge transfer control at E,, 

Fig. 6-24 shows the corrosion rate and surface cupric ion concentration as a 

fimction of the distance from the leading edge of mass transfer entrance region at various 

Reynolds numbers. The corrosion rate increases with rising Reynolds number and 

decreases along the mass transfer entrance length. The influence of mass transfer on the 

corrosion rates is only small with the corrosion rate increasing by 1.22 for a tenfold 

increase in the Reynolds number. This can be contrasted with the behavior of iron 

corroding under oxygen mass transfer control (Fig. 6-20) where the corrosion rate was 

proportional to about ~ e ' "  in fully developed conditions. 

The surface metal ion concentration decreases with increasing Reynolds number 

and increases dong the entrance length. This contrasts the mass transfer controlled 

behavior of iron corrosion (Kg. 6-20) where [ ~ e ~ ' &  - [~e'+l, was independent of both 

the Reynolds number and the position in the entrance length. It is noted fkom equation 
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(6-8) that the meWsolution interface concentration depends on both corrosion rate and 

the mass transport rate of dissolved metal ion. However unlike the case with iron 

discussed above the corrosion rate is much less sensitive to the Reynolds number than 

the rate of transfer of dissolved metal ions to the buik solution and 

[Cu2'L - [CuZ+], a @eo9 for fully developed mass transfer. 

The predicted surface pH in the mass transfer entrance and fülly developed regions 

for various Reynolds numbers are shown in Fig. 6-25. For each Reynolds number, the 

pH value is the lowest at the leading edge and increases along the mass transfer entrance 

length, approaching a stable value in fûlly developed region. The surface pH decreases 

with rising Reynolds number in both the entrance and fully developed region. Again the 

reason for the different behavior to that shown for iron in Fig. 6-21 lies in the fact that 

the corrosion rate is relativeiy insensitive to mass transfer. 

From Fig. 6-24 and Fig. 6-25 we can see that the surface metal ion concentration 

and surface pH at the leading edge are much lower than that in the remaining region. 

Therefore film formation will be less Likely at the leading edge than in the remaining 

region. 
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Fig. 6-22 Effect of Reynolds number on EAogi curves in fully developed 

region; a: anodic copper dissolution, c: oxygen reduction; bulk pH=6, bulk 

[O,]=8 PPM. 
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Fig. 6-23 Effect of the mass transfer entrance on EAogi cuves; a: anodic 

copper dissolution, c: oxygen reduction; Re=104, bulk pH=6, buk [02]=8 

PPM. 
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Fig. 6-24 Corrosion rate and surface concentration of dissolved Cu2- ion as a 

function of the distance fiom the leading edge of the mass transfer entrance 

region at various Reynolds nurnbers; bulk pH=6, bulk [0J=8 PPM. 
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Fig. 6-25 Surface pH as a fûnction of the distance from the mass transfer 

entrance at various Reynolds numbers; bulk pH=6, bulk [02]=8 PPM. 
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6.4. Application to the Predicfion of Electrode Misalignment 

Effect on Electrochemicai Corrosion Rate Measurement 

6.4.1. Introduction 

Corrosion rate measurenients are O f€en accomplished b y the application of 

electrochemical techniques with tubular or other shape of working electrode installed 

into an experimental or operating pipeline. Two problems arise relating to mass ûansfer 

effects at the workuig electrode. Despite attempts to make the working electrode flush 

with the pipe wall, a srnall misalignment often occurs during installation with the 

electrode protruding or lying slightly below the pipe wall. Even if initially perfectly 

flush, corrosion may Iead to non-flush conditions. However caused, the electrode 

misalignrnent leads to flow disturbances which affect the rate of mass transfer of 

reactants and corrosion products between the corroding surface and the bulk solution. 

The second problem relates to the mass transfer entrance effect. Even if the 

working electrode is completely flush wiih the pipe wail there will be enhanced rates of 

mass transfer at the leading section of electrode where the mass transfer boundary Iayer 

is developing. In turbulent-pipe-flow corrosion experirnents hydrodynamic entry lengths 

of the order of 60-100 pipe diameters (Postlethwaite et al, 1986; Berger and Hau, 1977) 

ensure that a fully developed hydrodynamic boundary layers is established upstream of 

the working electrode. The mass transfer boundary layer at the working electrode 

develops within a fblly developed hydrodynamic boundary layer. Working electrodes 1 
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mm to 20 mm in length have been used (Efird et al, 1993; Eriksmd and Sontvedt, 1983; 

Nesic et al, 199S), which would give overall mass transfer rates that are higher than the 

fùlly developed rates. In some studies working electrodes of an appropriate length to 

minimize the entrance effect have been used (Postlethwaite et al, 1986; Postlethwaite, 

1979; Postlethwaite and Lotz, 1988; Postlethwaite et al, 1978). 

In this part of the study, the low Reynolds nurnber k-E turbulence mode1 has been 

used to determine the simultaneous electrode-misalignment and mus-transfer-entry- 

length effects on the local and overall mass transfer rates at the working electrode. The 

predicted deviation or "error" is the difference between the calculated corrosion rate that 

includes electrode-misalignment and mas-tram fer-entrante-length effec ts, and that 

calculated for hilly developed mass transfer conditions with a perfectly flush electrode. 

Since the predicted measurement error depends on the extent to which the corrosion rate 

is controlled by the mass transfer component, three situations are considered: the 

corrosion is under mass transfer control; the corrosion is under charge transfer control; 

and the corrosion is under mixed charge transfer and mass transfer control. The 

corrosion rate under charge transfer control would not be expected to be affected directly 

by mass transfer but could be affected by film formation which is directly related to the 

surface conditions. 

The surface concentration profiles of metal ions and surface pH profiles dong the 

working electrode are discussed in terms of their possible effect on film formation at the 

working electrode surface for al1 three cases. 
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6.4.2. Computational Domain 

The schematic flow ce11 and computational domain of 360 mm x 12.5 mm" are 

shown in Fig. 6-26. Tubular electrodes 5 to 60 mm in axial length were assumed to be 

installed in a pipe with intemal diameter of 25 mm. The electrodes are either protruding 

or recessed 10 to 500 p fkom the pipe wall respectively. The Reynolds number used is 

5 x 104 and solution pH is assumed to be 6. Since the mass transfer boundary layer is 

very thin the side edge effect is very small and the results would apply to rectangular 

electrodes (cut nom pipe) which have certain advantages: they cm be readily smoothed 

after installation to give a very flush fit; the counter electrode c m  be positioned on the 

opposite side of the ce11 giving a more symmetrical electrode arrangement (Postlethwaite 

et al, 1986; Berger and Hau, 1977). 

Again in this part of the study, iron was chosen to represent metals with a low 

exchange current density and copper those whose anodic dissolution is more reversible. 

Non-uniform staggered grids ((1 00- l4O)x(4+70)) were used in the computational 

domain, with the rnajority of nodes concentrated in the near-wall region and in both end 

regions of working electrode. The first near-wall node was placed at y=lpm so that y+< 

0.1, and the first node close to the leading edge of the working electrode was placed at 

x=2 p. In the present studies changes in electrode thickness following corrosion are 

ignored. 

" In the case of electrode lying 10 to 500 Pm below the pipewall, the computational domain of 360 mm x (1  2.5 1 IO 

13.0) mm were used. 
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Fig. 6-26 Computational domain (360 mm x 12.5 mm). a) working electrode 

recessed from pipewall; b) working electrode protmding fiom pipewall; fully 

developed flow at inlet; pipe diameter: 25 mm; electrode length 5 to 60 mm. 

( 0 pipe wall working electrode 1 computational domain) 
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6.4.3. Corrosion under Mass Transfer Control 

6.4.3. I.Mass Transfer Rate Profdes 

In most corrosion rate rneasurements in pipe flow the electrodes are fitted into 

either non-metallic or non-corroding rnetallic pipes, giving a mass-tramfer-entry-length, 

with high rates of mass transfer, on the working electrode where the reactant (e.g. 03 

and product (e.g. Fe") concentration boundary layers are developing. In addition any 

electrode misalignment will cause disturbed flow conditions at electrode surface which 

will also affect the mass transfer rates. 

The predicted oxygen mass transfer rate profiles, for oxygen, for recessed (Fig. 6- 

27) and protmding electrodes (Fig. 6-28), take into account both entrance and 

misalignment effects. In both cases the mass transfer rate profiles are simila. over the 

greater length of the electrodes. The results are for step sizes up to 50 pm which exceeds 

the tolerance which can be readily achieved in practice. The results deviate substantially 

for very short distances at the s tqs  at the leading edge of the electrodes; with mal1 

deviations at the steps at the downstrearn edge of the electrodes. The step at the leading 

edge of the recessed electrode, (Fig. 6-27) results in a substantial reduction in the mass 

transfer rates at x < 0.2 mm. This is a region where the concentration boundary layer 

normally develops very rapidly as seen by the mass transfer rates with the flush 

electrode. The dead zone associated with the leading edge of the recessed electrode is 

responsible for the reduction in the mass transfer rates. In contrast the step at the 

protmding electrode results in a flow disturbance that enhances the mass transfer at the 
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leading edge. It should be mentioned here that the mass transfer to both forward facing 

and backward facing sides was not included in the case of protruding electrode (Fig. 6- 

26b). Since the area on both sides are extremely small compared to electrode area, such a 

treatment would not pose significant error. 
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Fig. 6-27 Mass transfer rate profiles for oxygen along the pipewall working 

electrode for recessed electrodes; entrance eflect considered, d=25 mm, 

electrode Iength 10 mm, R e 4  x 104. 
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Distance along the electrode (mm) 

Fig. 6-28 Mass transfer rate profiles for oxygen along the working electrode 

for electrodes protruding nom the pipewall; entrance effect considered, d=25 

mm, electrode length 10 mm, Re=5x 1 04. 
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6.4.3.2. Predicted Meusurement Error 

The predicted measurement errors caused by the superposition of both 

misaligrment and mass transfer entrauce effects are given in Fig. 6-29 as a function of 

step height. The rneasurement error is the error that would be obtained in a mass transfer 

measurement using the lirniting diffusion current technique. The same error would be 

obtained in a corrosion rate measurement using the polarization resistance method, if the 

corrosion were under oxygen mass transfer control. AIso shown in Fig. 6-29 are the 

measurement errors caused by electrode misalignment in the absence of an entry effect. 

In the latter case fdly developed mass transfer was assumed at the beginning of the 

computational zone. It is irnplied fkom Fig. 6-29 that if a maximum 10% measurement 

error caused by electrode misalignment is permissible in electrochemical measurements, 

the step size for either electrode protnision or recession should be less than 20 pm. 

The results in Fig. 6-29 are for a 10 mm long electrode with step sizes up to 500 

pm in order to illustrate the effects of much larger rnisalignments than the much smaller 

values readily achievable in practice. For protruding electrodes, with the entry length 

taken into account, the predicted measurement enor varies fkom 43% for a flush 

electrode to 86% at a step height of 500 Fm. The predicted misalignrnent error reached 

83% for protruding electrodes at the 500pm step height. The predicted measurement 

errors reached maximum values, 60% and 57%, for recessed electrodes at the step height 

of 350 Pm, with and without the entry length taken into account respectively. The 
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reduction of the entrance effect on the overail corrosion rates by the use of longer 

electrodes is discussed later. 
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Fig. 6-29 Predicted measurement error as a function of step height for 

recessed and protruding electrodes; d=25 mm, electrode length 10 mm, 

Re=5x 1 04. 
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6.4.3.3.Surface Metai Ion Concentration and pH Value 

The simulation results in section 6.3 have shown that if the corrosion is controlled 

by the mass transport of 0, to the metal surface, the surface concentration of dissoived 

metal ion does not vary with the distance fiorn the mass transfer entrance and the 

Reynolds nurnber. 

The predicted corrosion rate and surface Fe2+ ion concentration for oxygen mass 

transfer controiled corrosion dong the surface of iron electrodes recessed or protruding 

50 pm nom pipe wail are shown in Fig. 6-30. Although the corrosion rates are non- 

uniform on the working electrode surface, the surface Fe2+ ion varies very Iittle dong the 

working electrodes compared to the several orden of magnitude difference between 

surface and buk ~e ' '  ion concentration. Recall that when corrosion is under O, mass 

transfer control, the interfacial ferrous ion concentration can be calculated by the 

following equation: 

where the buik oxygen concentration [O,], is constant (8 PPM). It has been confimed 

that the ratio of the mass transfer coefficient of O, to that of ~e" ,  ( Kq IK,,. ), is 

constant in the entrance and fully developed regions (see 6.3.2.2). Based on present 

numerical predictions, this ratio (KG /KFe2+ ) is also almost constant across the working 

electrodes, whether recessed or proûuding fiorn the pipe wall. 
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The predicted surface pH profiles, (Fig. 6-31), show îhat there is no effect of the 

electrode-misalignment and the mass-transfer-entry-length on surface pH values when 

the corrosion process is controlled by the transport of oxygen to the metal surface. The 

explanation for the lack of change of the surface concentration for dissolved metd ions 

also applies to the surface pH value. 
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Fig. 6-3 0 Predicted surface Fe2' concentration and corrosion rate profiles 

along the surface of working electrodes recessed and protruding 50 pm fiom 

pipewall; d=25 mm, electrode length 10 mm, Re=Sx lo4. 
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Distance along the electrode (mm) 

Fig. 6-3 1 Predicted surface pH profiles along the surface of working 

electrodes recessed and protruding 50 pm from pipewall; d=25 mm, electrode 

length 1 O mm, Re=5 x 1 0'. 



CHAPTER 6. RESUL TS AND DISCUSSION 

6.4.4. Corrosion under Charge Transfer Control 

In the case when corrosion is under charge transfer control, the corrosion rate is 

constant along the working electrode. As expected in the mass transfer entry length, the 

surface ~ e ' +  ion concentration increases along the length of the mass tramfer section, 

approaching a stable value in fully developed conditions (Fig. 6-32). The behaviour with 

rnisaligned electrodes (Fig. 6-32) is similar to that for the mass-tramfer-entry-length 

over most of the electrode; with the concentration rising dong the electrode length. 

There are major differences relating to the steps at the beginning and end of the 

electrode, which c m  be explained by the mass transfer coefficient variations s h o w  in 

Fig. 6-27 and Fig. 6-28. For the protniding electrode, the surface concentration for ~ e "  

ion is the lowest at the leading edge of the working electrode, increasing and 

approaching the fully developed value along the electrode until the region close to the 

end of the electrode where the surface Fe2+ ion concentration decreases with the rise in 

the mass transfer coefficient. The dead zones with the recessed electrode result in high 

~ e "  ion concentrations over short distances at the beginning and end of the electrode. 

There will be no rneasurement error caused b y the electrode-misalignment andor 

the mass-transfer-entry-length since the corrosion is wholly under charge transfer 

control. However, the non-uniform sudace concentration profile for dissolved metd ion 

at the electrode surface will produce non-uniform film formation conditions when film 

formation is possible and could effect the corrosion rates. 
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Fig. 6-32 Predicted surface Fe2+ concentration profiles along the surface of 

working electrodes recessed and promiding 50 pm from pipewall; corrosion 

under charge transfer control; corrosion rate 1 A/m2; d=25 mm, electrode 

length 10 mm, Re=Sx 1 04. 
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6.4.5. Corrosion under Mixed Control 

Copper corrosion with oxygen reduction in neutrai solutions has been selected as 

an example of corrosion under rnixed charge and mass transfer control, since previous 

studies have shown that the corrosion of copper is partially controlled by the mass 

transport of dissolved metd ions or complex ions fkom the surface to the bulk solution 

with E,, falling in the range where oxygen reduction is under charge transfer control 

(Faita et al, 1975). The rate equation (5-8) for the anodic dissolution of copper taking 

into account the effect of mass transfer was based on the rnechanism proposed by 

Mattsson and Bockris (1959). The predicted corrosion rates for recessed and protniding 

electrodes are shown in Fig. 6-33 and Fig. 6-34. Corrosion rates were detemined from 

kinetic corrosion diagrams constnicted on the basis of the rate equations for oxygen 

reduction (5-13) and copper dissolution (5-10) with i, values of 10'' and 0.03 NrnL 

respectively. The predictions show that the influence of mass transfer on the corrosion 

rate, for the particular case under study, is small. Over most of the electrode length very 

small differences are observed with differences due to the electrode-misalignrnent and 

mass transfer entry length of c 15% observed at the electrode ends. The difference in 

mean corrosion rate between the electrode protmding 50 pm f?om pipewall and one 

under fully developed mass transfer conditions is less than 3% for the 10 mm long 

electrode. This can be contrasted with the behaviour of iron corroding under oxygen 

mass tram fer control (Fig. 6-29) where the rneasurement error was about 48% for a 10 

mm long electrode. 
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The surface Cu" ion concentration profiles dong the working electrode recessed 

and protruding 50 Fm from pipe wall are shown in Fig. 6-35 along with the profile for a 

Bush electrode and one under fully developed mass transfer. The concentrations are 

similar for most of the electrode length with differences relating to the misalignrnent and 

disturbed flow at the electrode ends. This contrasts the mass transfer controIled 

behaviour of iron corrosion (Fig. 6-30) where the surface Fe2' concentration was 

independent of the position on working electrode for both flush and misaligned 

electrodes. It is noted fiom equation (6-8) that the surface concentration for dissolved 

metal ion depends on both the corrosion rate and the mass transport rate of dissolved 

metal ion. The corrosion rate in the case of the partial m a s  transfer control of copper 

conosion is much less sensitive to mass transfer effects than the transport rate of 

dissolved metal ions to the bulk solution. 

The predicted surface pH values along the working electrode recessed, protruding 

50 Pm fiom pipe wall are shown in Fig. 6-36. There is a small effect of mass transfer, 

which increases at the electrode ends. The srna11 variations in pH again reflects the 

relative lack of sensitivity of the corrosion in the chosen case to mass transfer. 

From Fig. 6-35 and Fig. 6-36 it can be seen that for protruding electrode, the 

surface metal ion concentration and surface pH are lower at both ends of the electrode, 

making film foxmation less likely. For the recessed electrode, the surface metai ion 

concentrations and surface pH in the dead water zones close to the steps are higher than 

that in the remaining region, and film fornation will be more likely at these locations. 
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The important thing to note is that the mass transfer effects relating to mas- 

transfer-entry-length and electrode-misalignrnent with partial mass transfer control cm 

be simulated enabling improved design of the flow cells for the determination of 

corrosion rates, 
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Fig. 6-33 Predicted corrosion rate profiles for copper dong the working 

electrode for electrodes Iying below the pipewall; entrance effect considered, 

d=25 mm, electrode length 10 mm, Re=Sx 104. 
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Fig. 6-34 Predicted corrosion rate profiles for copper along the working 

electrode for electrodes protniding fiom the pipewall; entrance effect 

considered, d=25 mm, electrode length 10 mm, Re=5x 1 04. 
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Distance along the electrode (mm) 

Fig. 6-35 Predicted surface Cu2+ concentration profiles dong the surface of 

working electrodes recessed and proûuding 50 Fm from the pipewall; 

corrosion under mixed control; d=25 mm, electrode length 10 mm, Re=Sx 104. 
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Fig. 6-36 Predicted surface pH profiles along the surface of working 

electrodes recessed and protruding 50 pm fiom the pipewall; corrosion under 

mixed control, d=25 mm, electrode length 10 mm, Re=5x IO4. 
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6.4.6. Reduction of Measurement Error 

6.4.6.1. Using Longer Efectrode 

The effect of electrode length on the measurernent error for oxygen rnass transfer 

controlled corrosion with misalignments B O  prn are given in Fig. 6-37. Errors ~ 1 0 %  

c m  be achieved with an L/d ratio of 2.4 for a perfectly flush electrode and an additional 

2 and 5% errors for the protmding and recessed electrodes respectively. Studies of the 

effect of electrode length on mass transfer measurements for flush electrodes were 

reported previously (Wang, et al, 1996). The electrode area can be of concem when it is 

wished to minimize the contamination of the solution with metal ions (Turgoose et al, 

1995). In that case rectangular segmental electrodes, cut from pipe with the same 

diameter as the fiow cell, could be used as described elsewhere (Postlethwaite et al, 

1986; Postlethwaite, 1979; Postlethwaite and Lotz, 1988, Postlethwaite et al, 1978). It is 

also easier to avoid misalignrnents with such electrodes which c m  be polished to a 

perfect flushness following installation in a plastic tubular ce11 or electrode holder. The 

working electrode length for other conditions cm be calculated using the methods 

described above or taken kom the experimental data of Berger and Hau (1977). 
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- EIectrode recessed 50pm 
-A- Electrode protruding 50pm 
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Fig. 6-37 Variation o f  predicted measurement error as a fûnction of electrode 

length; entrance effect considered, d=25 mm, electrode length 10 mm, 

Re=5x 1 0'. 
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6.4.6.2. Using Another EIectrode Prior to the Working Electrode 

The mass-msfer-entry-length is the region where the species (i.e., O,, Fe2+) 

concentration boundary layers are developing (see Fig. 6-38a). The concentration profile 

undergoes a rapid change after reaching the mass transfer section (working electrode) 

fiom a non-mass transfer section (preceding non-metailic pipe or inert alloy pipe). The 

original uniform profile changes to one exhibiting a large gradient of concentration near 

the wall which causes enhanced mass transfer rate in the leading edge region of the 

working electrode. Therefore, to reduce mass-transfer-entry-length induced measurement 

error, one must somehow alter the concentration boundary layer before entering the 

working electrode so that the developing concentration boundary layer will develop 

more quickly at the working elecîrode. One way to do it is to place another electrode 

with the sarne material as the working electrode immediately before the working 

electrode and with very thin non-metallic spacer (say 0.2 to 0.5 mm). A schematic 

diagram for such an electrode arrangement is shown in Fig. 6-38b. The concentration 

boundary layer (and concentration profile) will first develop at the preceding electrode. 

With very thin non-metallic spacer between the two electrodes, this will cause the 

concentration boundary layer (and concentration profile) to becorne filly developed 

more quickly and in this way smaller measurement error can be achieved. Several 

studies have been made of the use of small insulated electrodes, situated in a larger 

electrode for mass transfer measurements with single electrode reaction (Schutz, 1964; 

Sprague, 1984; Deslouis et al, 1980; Deslouis et al, 1981; Wein and Wichterle, 1989; 

Fumta et al, 1974). In this case an active pre-electrode is required. For corrosion studies 
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the pre-electrode can be left to corrode keely whilst the working electrode is polarized a 

few mV required to determine the polarization resistance since the small net curent 

generated will not significantly alter the concentration gradients of reactants and 

products. 

Fig. 6-39 shows the effect of the length of the preceding electrode on the predicted 

measurement error for a 10 mm long working electrode with the spacer thickness of 0.2 

and 0.5 mm respectively. From Fig. 6-39 it is seen that if 4 0 %  measurement error is 

required, a 10 mm preceding electrode is needed in the case when a 0.5 mm non- 

metallic spacer is used. If <5% measurement e m r  is required, the preceding electrode 

must be 30 mm or longer. If a pre-electrode was used the accuracy of the corrosion 

rneasurement would be increased for a given total length of metal corroding and the 

surface concentrations at the working electrode surface would correspond more closely 

to those of fully developed flow. 
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Fig. 6-38 Schematic diagram of development of concentration boundary layer 

in the leading section of working electrode with @) or without (a) preceding 

electrode. 
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Fig. 6-39 Variation of predicted measurement enor caused by mass transfer 

entrance as a function of preceding electrode length; d=25 mm, electrode 

length 1 O mm, Re=Sx 1 04. 
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6.5. Relationship between Modelled Turbulence Parameters 

and Corrosion Product Film Stabilify 

6.5.1. Introductioo 

The effect of single-phase aqueous fluid flow on the stability of corrosion product 

films is a very important factor in determining the utility of many dloys for applications 

in process piping system, resulting in velocity limits and resûicted throughputs. 

However, the disruption of corrosion product film by single phase turbulent flow is still 

a serious problem that has proven difficult to quanti@. Present industrial practices 

involve design rules based on bulk flow properties such as bulk velocities, Reynolds 

number (e-g. the design velocity for copper pipe in recirculating hot-water system is 0.9 

to 1.5 rn/s (Crooks, 1993)). The rnajority of failures however occur under conditions of 

disturbed flow at elbows, weld beads, various fittings and other sudden changes in flow 

geometry. Under such conditions the application of the bulk flow pararneters, velocity, 

Reynolds number and wall shear stress (based on the bulk velocity) as the criterion for 

films dismption is not appropriate. Turbulence models have been used to calculate both 

the local levels of turbulence and the rates of mass transfer under disturbed fiow 

conditions, providing the local pararneters appropriate for the development of film 

disruption. 

This part of the study describes the attempt for the application of the LRN, k-E 

turbulence mode1 to calculate the local near-wall turbulence profile, the local wall shear 
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stress profiles and the local mass transfer-rate profile dong the length of a copper 

specimen corroding under disturbed flow conditions and to relate the profiles to the 

observed fih disruption. An electrochemicai mode1 which can account for anodic 

dissolution of copper in aerated 3% NaCl solution was used to illustrate the 

thermodynamic conditions for film formation on copper surface in the present flow 

system. 

6.5.2. Experimental Setup 

The flow system (Fig. 6-40) used for the experiments includes aeratioddeaeration 

column, rubber centrifbgal pump, acrylic rectangular duct and flow cell, double pipe 

heat exchanger and orifice flow meter. While the whole flow system was available from 

the existing experimental device, both the acrylic rectangular duct and fiow ce11 were 

redesigned for the current study. The flow ce11 and computational domain are shown in 

Fig. 6-41. The acrylic 80w cell had a rectangular cross section with a flow channel 50.8 

mm wide x 15 mm deep, with equivalent diarneter, de=23.2 mm. The copper deck and 

the symmetrical acrylic ce11 cover had backward and forward facing 2 mm steps to form 

a constriction with d,=18. lmm. The flow cell was located horizontally in the above flow 

system (Fig. 6-40). The length of the straight acrylic duct before entering the flow ce11 

was 40 d, and the exit length was 20 de. The copper deck was machined kom 99.99% 

purity electrolytic copper plate. The test solution was 3% NaCl with the solution pH 

between 7.9 and 8.3 during the experiment at 2S°C which is close to the typical pH value 
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of sea water, pH=8.3 (Faita et al, 1975). The bulk velocity, LI,, based on the 

unconstricted cross section, was in the range 0.3-1.49 d s .  The development and 

destruction of the corrosion product films were observed through the transparent flow 

cell. 

It should be noted here that due to the requirement of the seai between the copper 

deck and acrylic duct, the forward facing step fonning constriction section was not 

exactly perpendicular to the acrylic duct wall. Ln fact, the forward facing step was at 95 

degree to the duct wall which might contribute some discrepancy between the 

experimental observation and modelled near wall turbulence parameters. 
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Fig. 6-40 Flow system; A----Aeration/deaeration coiumn; B----Rubber 

centrifugai pump; C----Flow cell; D----Acrylic rectangular duct; E----Orifice 

flo w meter; F---Double pipe heat exchanger. 
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Cornputational Domain .-a 

Fig. 6-41 Flow ce11 and computational domain. 
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6.5.3. Electrochernical Mode1 

6.5.3.I.Anodic Dissolution of Copper 

Many experimental studies (e.g. Bianchi et al, 1978; Smyrl, 1985) done previously 

on copper dissolution in chloride solution have shown that copper dissolves as cuprous 

ions which are stabilized by chlonde ions in the form CuCZFw. The predominant 

complex species is Cu- (King and Litke, 1989). Various mechanisms have been 

proposed to describe the dissolution process of copper in chloride solution (Deslouis, et 

al, 1988). These mechanisms differ in the dependence of the charge transfer rate at the 

metal surface on electrode potential and chloride activity. The cornrnon point of these 

mechanisms is that the dissolution rate of copper is partially controlled by the rate of 

transport of CuC1; away fiom the metaVsolution interface. 

Among these mechanisms for copper dissolution in chloride solution, the one 

proposed by Bacarelia and Griess (1973), and Tribollet and Newman (1984) was used: 

The equilibrium potential for copper dissolution (6- 16) is expressed as 
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The rate equation based on this rnechanism is as follows: 

The mass transport rate equation for CuC[,- is 

Again, as mentioned before, since uniform corrosion with microscopic corrosion cells 

was being modelled, ionic transport was not a factor and tcuc12. = O . After eliminating 

[ CuCZJ, from equations (6-19) and (6-20), the following kinetic equation for copper 

dissolution was obtained: 

where 6, = 
2.303RT 

and b, = 
2.303RT . According to Bacarella and Griess (1973) 

a,F a J  

a,=1.0, and ac=0.5 was assumed giving b,=0.06 V and bc=0.12 V at 2S°C. Since the 

exchange current density, i,, for copper dissolution in chloride solution is not available, 

it was assumed that i,=1 O-3 A h 2  at [ CUCI,-]610d mol/dm3. 
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The m a s  transfer coefficient of CUCI,- ion, KcuclF , can be calculated using LRN 

k-E turbulence rnodel. The diffusion coefficient of CUCI,- ion was assumed to be 10" 

m2/s (Bacarella and Griess, 1973). 

6.5-3.2- Oxygen Reduclion 

Oxygen reduction is the only cathodic reduction reaction taken into account in 

copper corrosion in chloride solution in the present study. The rate equation for oxygen 

reduction is 

where i,=lOd ~ / m ~  and bc=0.12 V at 2S°C was assumed. The limiting current density for 

O2 reduction is 

i& = 4Kq FIOJb 

where [O2], =6 ppm was assumed based on the measurement. 

6. 5.3.3.hpfemenration of the EIectrochernicaf Mode1 

The corrosion potential, E,, and the corrosion current densities, i,, were 

determined by solving the set of equations (6-2 1) and (6-22). The surface CUCI,- 

concentration was calculated as follows: 
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The surface OH- ion concentration was d e t e h e d  as follows: 

[OH-], = - '"" + [OH-], 
FKw 

To judge the possibility of the formation of Cu,O on copper surface, the knowledge of 

cuprous ion concentration is necessary. Since for the reaction 

Cu' + 2CZ- O CUCI,- (6-26) 

the stability constant of the compiex ion CuCl2- is 

- - [CUC'2-1 = 8.7 1 x 1 o4 (Sillen and Martell, 1964) 
Kc""2- [Cu+ [a- 1' 

The surface cuprous ion concentration can be deterrnined fiom 

6.5.4. Results 

6.5.4.1. Prefiminary Observation of Film Formation Conditions 

The highest flow velocity, Ub=1.49 d s  based on the unconsû-icted section, of this 

system at 2S°C was used to see what would happen on a corroding copper surface. The 

observation for a period of 16 days indicated that the corroded copper surface is metallic 

pink in color and there was no corrosion product film formed on copper ( c o n h e d  by 

later surface andysis) in 3% NaCl solution when flow velocity is 1.49 m/s. A Iower flow 

velocity should be used in order to grow films. 



CHAPTER 6- RESUL TS AND DISCUSSION 

6.5.4.2. Film Formation and Remaval 

Film growth and removal Fig. 6-42 shows the surface appearances of copper 

deck at different stages of the experiment lasting 1247 hours (52 days). It was observed 

during the experiment that when buk velocity was set to 0.5 m/s and left for 11 days 

(Fig. 6-42a), the film grew unevedy on the copper surface with light brown film grown 

on the M e r  downstream regions of both sudden constriction and sudden expansion. 

The immediate sudden constriction downstream region and the downstream region of 

sudden expansion (5 to 25 mm fiom the backward facing step) were metallic pi& in 

color suggesting no-film formed in these regions which was followed by a 10 mm band 

which was partially covered by brown film. The brown film grown on copper surface is 

believed to be Cu,O (Wood et al, 1990). There was a 5 mm dark brown band in the 

irnrnediate downstream region of the sudden expansion suggesting a thicker film formed 

in this dead water zone. There was a small amount of green corrosion product in the 

sudden constriction section. 

When the bulk velocity was decreased to 0.3 d s ,  for 17 days (Fig. 6-42b), the 

originally light brown filrn became darker suggesting thicker films fomed and both 

brown regions expanded leaving a 4 mm lighter colored band starting 2 mm fkom the 

sudden constriction, and a 8 mm wide lighter colored band starhg 5 mm fkom the 

sudden expansion. Also, green corrosion products started to form on the brown filrn 

surface . 
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When the buik velocity was set to 0.5 d s  again and left for 10 days (Fig. 6-42c), 

the lighter colored 4 mm wide band in the constriction section gradually became metallic 

pink and expanded to 7 mm in width. Also the lighter colored band in the expansion 

section gradually became metallic pink in color and the width expanded to 10 mm. But 

this metallic pink band was not recovered to the original 20 mm in width as the bulk 

velocity was k t  set to 0.5 m/s and maintained for 1 t days. More green corrosion 

products fomed on the brown film surface. 

When the bulk flow velocity was increased to 1.0 rn/s and maintained at this 

velocity for 14 days (Fig. 6-42d), both downstream regions stayed metallic pink in color 

and no obvious thinning of the film was observed. The film remained intact in a 5 mm 

band immediately downstream of the sudden expansion until the end of the expenment 

on day 52. During this thne, more green corrosion products fomed on the brown film. 

The above experimental observations indicate that the corrosion film can grow on 

copper surface at Bow velocity U,,=0.5 mis (Re=1.26x104) in a straight duct (50 x 15 

mm) without constriction. With the constnction section (step height 2 mm in this 

experiment), the film will not grow in the regions downstrearn of both the (Fig. 6-42a) 

sudden constriction and sudden expansion. It is the disturbed flow caused by sudden 

constriction and sudden expansion that leads to enhanced turbulence fluctuation and 

mass transfer rate in the near wall region which may contribute to the uneven film 

formation condition. This will be discussed in subsequent sections. 
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The experimental observations also show that a lower flow velocity (Ub4.3 m/s in 

this case) favored the formation of corrosion film. The film grown at lower flow velocity 

(cg. Ub=û.3 m/s) cm not be completely removed at higher flow velocity &J,,=0.5-1 .O 

m/s) though these films would not grow at these higher velocities. 

It was also observed that during the course of the experiments green corrosion 

products formed gradually on the brown film surface. The solution pH during 

experiment was between 8.0 to 8.25 at 25OC (close to typicd pH value of sea water, 

pH=8.3 (Faita et al, 1975)). The corrosion potential of the copper in 3% NaCl solution 

was measured as -0.21 to -0.20 V (SCE) in a sh i lar  experiment. The Pourbaix potential- 

pH diagram for copper-sea water system (Bianchi and Longhi, 1973) shows that in the 

corrosion potential range from -0.21 to -0.20 V (SCE) (or 0.03 to 0.04 V, SHE), the 

points with b u k  pH ranging fkom 8.0 to 8.25 are in the stable zone of Cu,O. So the 

initially formed film should be mainly composed of Cu20. Since the surface 

concentration of dissolved species and surface pH are higher than the buk ones due to 

the anodic dissolution of copper and oxygen reduction on copper surface, it is possible 

that Cu,O and Cu+ at the surface will be oxidized to form higher valence of copper 

compound or complex. The green corrosion products formed on the brown film surface 

in this expenmental observation are probably attnbuted to the higher concentration of 

dissolved metal ions which may fom complex with Cl- (e.g. Ch(OH),Cl). The test 

solution, although completely changed every three or four days, will become more 

concentrated between the changes. This would also speed up the formation of the green 

corrosion product. 
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Surface appearances The scanning electron photomicrographs of the surface 

appearances at different sites of the copper deck (see also Fig. 6-42d) are show in Fig. 

6-43. It can be seen fiom Fig. 6-43a and Fig. 6-43b that in the sites within area O 

(immediate downstream zone of sudden constriction) and within area @ (recirculation 

zone downstream of sudden expansion), there is no film fomed on the corroded copper 

surface. The films formed on copper surface in areas @ and O contain numerous pits, 

while the films on copper surface in area O (dead water zone) seems more compact with 

a few pits which might be attributed to the unique hycirodynamic condition in this 

region. It is believed that the green film is a copper hydroxychloride (e-g. Cu2(OH),C1) 

based on the Potential-pH diagram of Copper-sea water systern (Bianchi and Longhi, 

1973) and similar expenrnents done by other researchers (e. g. Melton, 1991; 

MacDonald et al, 1978). 
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d) 
Fig. 6-42 Formation and removal of corrosion film, a) 0.5m/s for 1 1  days; b) 

0.3mIs for 17 days; c) 0.5m/s for 10 days; d) I .ûm/s for 14 days, 3S°C, 

aerated 3% NaCl solution. 
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Fig. 6-43 SEM photomicrographs of surface appearance at different sites of 

copper deck after experirnent, O Metailic pink area downstrearn of sudden 

constriction; @ fùrther downstrearn region of sudden constriction; O Dead 

water zone; @ Metallic pink region downstream of sudden expansion, 8 

Fuaher downstream region of sudden expansion, Copper was exposed in 

flowing aerated 3% NaCl solution for 52 days at 35OC (0.5ds for 11 days + 

0 . 3 d s  for 17 days + 0.5m/s for 10 days + l . W s  for 14 days). 



CHAPTER 6. RESULTS AND DISCUSSION 

6.5.5. Discussion 

The observation made are now discussed in relation to the near wdl turbulence 

parameters, local mass transfer rate and wall shear stress, which are calculated using 

LRN k-E turbulence model, and the surface cuprous ion and hydroxyl ion concentrations 

deter-ed fiom the electrochernical model. 

6. 5. S. I.Near Wall Turbulence 

The leading edge area of sudden constriction and the recirculation zone 

downstream of sudden expansion where the films are least easily grown and most easily 

removed are the two regions where the greatest near wall turbulence would be expected 

to occur. Near-wall velocity fluctuations, u', were used here to quanti@ the near wall 

turbulence (Nesic, 1991). The velocity fluctuations (RMS) were calculated korn the 

kinetic energy of turbulence given by the k-E turbulence model assuming isotropic 

turbulence. 

The velocity fluctuations for the three bulk velocities used were shown in Fig. 6- 

44 (a). The predicted velocity fluctuations at 0.6 mm fkom the wall were used, where 

f=24, 44, and 64 at Ub=û.5, 1 .O and 1.47 m/s, respectively under fûlly developed flow 

conditions. If velocity fluctuations can be used as a cnterion for the turbulence level 

required for film removal the following assumptions can be drawn. The fluctuation 



CHAPTER 6. RESULTS AND DISCUSSION 

velocity of 0.1 6 m/s at U,= 1.47 mls prevents the film fiom growing on copper surface in 

the present flow geometry. At the fluctuation velocity less than 0.08 m/s at Ub=0.5 m/s, 

the film will grow on most regions of the copper deck except downstream regions of 

both the sudden constriction and sudden expansion where the fluctuation velocities are 

higher than 0.08 mis at Ub=û.5 mls (see aiso Fig. 6-42 (a)). The fih formed when the 

fluctuation velocity was less than 0.08 m/s at Ub=û.5 m/s for more than 20 days could 

not be removed as the fluctuation was increased to 0.12 m/s at U,,=1.0 m/s and 

maintained at this velocity for 14 days. This indicates that the critical fluctuation 

velocity for removing the pre-formed film should be higher than 0.12 m/s. 

It should be remembered here that there are no velocity fluctuations directly at the 

wall. The near wall fluctuating velocity used in this study is only the indicator of the 

turbulence level required for film removal, not the cause of the film removal. There are 

however both shear stresses (Shah and Antonia, 1986) and pressure fluctuations 

(Launder, 1989) directly at the wall. The wall shear stress calculated based on the local 

mean velocity gradient is not an appropriate parameter as a criterion for film removal 

under disturbed flow conditions (Nesic and Postlethwaite, 1990) as discussed in the next 

section. The pressure fluctuations at the wall could provide sufficient lifi force to remove 

the corrosion product film. Unfortunately, the pressure fluctuation at the wall cm not be 

modelled with the k-E turbulence mode1 with which only the mean value of the pressure 

term can be calculated. Future modelling work in this field should involve uses of the 

large eddy simulation (LES) andor direct numerical simulation @NS) in the viscous 
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sublayer that would lead to a much greater understanding of the surface transport 

process. 

The formation and removal mechanisms of the corrosion product fih in turbulent 

pipe flow were also explained qualitatively on the ba i s  of the turbulent '%u~st'' theory 

(Dawson, 1990). Some turbulent eddies in the fiee strearn fluid will penetrate the 

boundary layer and irnpinge on the surface. The Unpulse motions generate the lift force 

that could contribute to the removal of the corrosion product film. The major feature of 

the turbulent burst concept is that the corrosion films are able to nucleate during the 

quiescent period. A subsequent burst may rernove the film nuclei or part of the comosion 

product film. Actually, both shear stress and pressure fluctuations at the wall are directly 

associated with the burst phenomena. Again, the k-E turbulence mode1 can not predict 

the impulse motions (or the lift forces) associated with the bwting phenomena, Use of 

LES or DNS can predict the impulse motions that would help the understanding of the 

mechanisms of the film fonnation and removal. 

If a critical value of the modelled velocity fluctuations as  an indicator for 

preventkg film growth on copper surface were to be chosen in the present flow system, 

it would be around 0.08 m/s. 

6.5.5.2. Wall Shear Stress 

The wall shear stress values at U,,=0.5-1.47 rnls at the leading edge of the sudden 

constriction (Fig. 6-44 (b)) exceed the value of 9.6 Pa, calculated from bulk velocity in a 
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straight duct system, reported by Efird (1977) for the accelerated corrosion of 99.9% Cu 

ailoy CDA 122, due to degradation and physical removal of protective films. The values 

in the region downstream of the sudden constriction are also greater than 9.6 Pa at 

Ub=1.47 m/s. The maximum values of wall shear stress downstream of the sudden 

expansion at x555 mm are srnaller than 9.6 Pa, although the position of the maximum 

value corresponds to the starting position for the film-free band (Fig. 6-42). It must be 

noted that several investigatoa (Syrett, 1976; Bianchi, et al, 1978; MacDonald, et al, 

1978) have questioned whether the small values of wall shear stress said to be 

responsible for film removal are indeed capable of physically removing tightly adherent 

protective films and the values calculated for the present system, even at the points of 

disturbed flow, are small. 

6.5.5.3. Mass Trans fer 

The mass transfer coefficients calculated on the basis of the transfer of complex 

ion CuC2,- with a Schmidt number of 924 are shown in Fig. 6-44 (c). For the bulk 

velocities Ub=0.5-1.47 d s ,  the rates of mass transfer are much higher in the Ieading 

edge section of the sudden constriction where film formation was prevented (see also 

Fig. 6-42 (a)). In the sudden expansion section, the local maximum values of mass 

transfer were found in the recirculation zone upstrearn of the reattachment point where 

the film formation is also prevented. Syrett (1976), Lotz and Heitz (1983), Bianchi et al 

(1978) and Bacarella and Griess (1973) have discussed the role of mass transfer in the 

formatior? and disruption of protective films on copper. Sydberger and Lotz (1982) 
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suggested that there is no analogy between mass transfer and wall shear stress at and 

near the flow reattachment point where 5, = O .  They suggested that the shear stresses in 

the regions upstream and immediately downstream of the reattachment point are lower 

than there for fully developed flow and that is the case in the present simulations. nie 

prediction in this study also shows that the position for maximum mass transfer 

coincides with the position for the highest value of near-wall turbulence which was 

found in the recirculation zone upstream of the reattachment point where the values are 

higher than those in fully developed flow (Fig. 6-44). The present simulation results 

suggest that it is not appropnate to use wall shear stress as a cnterion for film formation 

and removai in the flow system involving disturbed flow conditions. Mass transfer could 

be correlated closely with the near-wall turbulence. Disturbed flow condition will cause 

higher turbulence in the near wall region which in tum leads to a higher mass transfer 

rate by thinning diffiision controlled mass transfer boundary layer (Nesic and 

Postlethwaite, 199 1 a). Furthemore, the non-uniforni mass transfer rate of corrosion 

products away fiom the corroding surface will cause non-uniform film formation 

conditions which will be discussed in more detail in the subsequent section. 
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6. 5. 5.4. Thermodynamic Condilions for Film Formation 

The experimental observations made in this study show that the film can not grow 

in the irnrnediate region downstream of the sudden constriction and the recirculation 

zone downstream of the sudden expansion, but can grow in other regions on the copper 

surface at Ub4.5 mis (Fig. 6-42 (a)). 'ïhis prompts us to investigate the thermodynarnic 

conditions for film formation. On a fieely conoding copper surface in aerated NaCl 

solution, both anodic and cathodic processes occur and both CUCI,- and OH- are 

produced at an equivalent rate. But the surface concentrations of both species are not the 

same because of different diffusion coefficients of CUCI,- and OH-. The surface OH- 

concentration can be cdculated fiorn equation (6-25). Surface Cu' is in the equilibrium 

state with surface CUCI,- and can be detemhed from (6-28). 

The products of surface [Cu'] and surface [ OH- 1, [Cu'][OH-1, for Ub=0.5- 1.47 

m/s are shown in Fig. 6-45. Also show in Fig. 6-45 is the solubility product of Cu,O at 

25OC. Fig. 6-45 illustrates one case in which the product of surface [Cu'] and [OH-] is 

lower than the solubility product of Cu,O in both downstream regions of sudden 

consuiction and expansion at U,=0.5 m/s, showing that formation of Cu,O in both 

regions is thermodynamically impossible, while in the other regions on the copper deck 

the product is higher than the solubility product of Cu,O showing the possibility for the 

formation of Cu,O in these regions. Although the above predictions are based on the 

electrochernical mode1 in which exchange current density for anodic dissolution of 
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copper in chloride solution is assurned, there is such a possibility that in the present flow 

geometry (duct flow with sudden consûiction and expansion) film formation is 

thermodynarnicdly possible in some areas (e. g. hunediate downstream region of 

sudden constriction and the recirculating zone downstream of sudden expansion) and 

impossible in other areas. 

Fig. 6-45 also shows that the product of surface [Cu'] and [OH*] is lower than the 

solubility product of Cu,O on al1 copper surface except in the narrow zone imrnediately 

downstream of sudden expansion at U r 1  -04.47 m/s. The experimental obsemation has 

shown that no film formed on copper surface at Ub=1.47 m/s. But the experimental 

observation aiso shows that the film grown at Ufl.5 m/s could not be removed at 

U,=1 .O m/s while the more green corrosion product precipitates on the film surface. A 

possible explanation for such a phenornenon is that the green product formed on the 

previously grown film surface, as observed in present experiments, is a film of sparingly 

soluble cornpounds of cupric copper, such as atacamite (Cy(OH), CI). The presence of 

cupnc species is due to the fact that the corrosion of copper in the active state 

corresponds to the consumption of only small amounts of oxygen which may difhse to 

the surface, while the remaining substantial amount of the total diffisible oxygen is 

available for the fùrther oxidation of the cuprous species to cupric species (Bianchi, et al, 

1978). Furthermore, the presence of an outer film of cupric copper compounds 

( Cz+ (OH), CI ) modifies the transport processes of CUCI,- and OH- ions and allows 

the existence of the protective Cu20 inner film even at those hydrodynamic conditions 
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(for example, U,=l.O m/s in present flow system) under which C 4 0  film should not 

grow on copper surface. 
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Copper deck Acrylic duct 

Fig. 6-45 Variation of [cu+][oK] along the copper deck with forward facing 

and backward facing steps at bulk velocities of 0.5, 1.0 and 1.47 m/s at 25°C. 
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The experirnentd observation of the formation and removal of corrosion film on 

copper surface was made at U,,=0.3-1.47 mis. The observation has been discussed with 

the modelled near-wall turbulence, wall shear stress, mass transfer and film formation 

conditions. It is found that wall shear stress, calculated fkom local mean velocity 

gradient, is not an appropriate parameter as a criterion for film formation or disruption 

under disturbed flow conditions. Mass transfer coefficients are found to be closely 

correlated with near-wall turbulence. The disturbed flow conditions in duct flow with a 

sudden constriction and sudden expansion brings about non-uniform near-wall 

turbulence and non-uniform mass transfer conditions along the copper deck with both 

maximum positions coinciding in recirculation zone downstream of the sudden 

expansion. The non-uniform mass tninsfer conditions along the copper deck will lead to 

non-uniform surface metal ion and hydroxyl ion concentrations, which under certain 

flow condition will provide therrnodynamic conditions favoring film fornation in some 

regions and preventing film formation in other regions on copper surface. 
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7. Conclusions and Recommendations 

7.1. Conclusions 

A low Reynolds number k-E eddy viscosity mode1 has been used to deterrnine the 

effects of mass transfer on corrosion in turbulent pipe flow. 

Mass transfer rates were detennined under the following conditions; 

developing mass transfer boundary layers; 

fully developed mass transfer boundary layers; 

dishirbed flow at backward and forward facing steps. 

The mass transfer rate simulations were used to: 

constmct E-logi kinetic corrosion diagrams for corrosion in both developing 

mass tram fer bo undary layers and full y develo ped mass tram fer conditions; 

determine the surface concentration of the dissolved metal ions and the surface 

pH and predict the film formation condition under the attached and disturbed 

flow conditions. 

196 
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determine the error in electrochernical rate measurement with short working 

electrodes ; 

determine the effect of electrode misalignment on electrochemical corrosion 

rate measurements; 

prepare mass transfer rate profiles for corroding copper deck under disturbed 

flow qditions. 

The formation and destruction of the corrosion film on copper surface in flowing 

aerated 3% NaCl solution has been studied in a flow ce11 at the bulk flow velocities 

0.3-1 -49 m/s. The copper deck and the symmetricd acrylic cover had backward and 

forward facing 2 mm steps to fom a constriction resulting in disturbed flow in the 

immediate downstream region of the sudden constriction and the recirculation zone 

downstream of the sudden expansion. The experimental observations have been 

discussed with the modelled near-wdi turbulence, wall shear stress, mass transfer 

calculated by the application of the LRN k-E model. 

The following conclusions were drawn: 

7.1.1. Mass Transfer in the Entrance Region 

1. Cornparison has been made between the simulation with the LRN k-E model and the 

experimental results of others for the mass transfer in the mass transfer entry length 

and fully developed region. The predictions are in good agreement with Berger and 

Hau's (1 977) measurements (Re= 12,900- 13 5,000, Sc=2244) as well as Son and 
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Hanratty's (1 967) measurements (Re=10,000-55,100, Sc=2400) in both the m a s  

transfer entrance region and the fully developed region. These results show that the 

mode1 can successfully simulate mass transfer in both the developing mass transfer 

boundary layer region and under fully developed mass transfer conditions. 

2. The predicted mass transfer entrance length (based on local values of the Stanton 

number) varies fiom L/d=5 for Re=12,900 to L/d=0.25 for Re=135,000 at Sc=2244. 

Mean Stanton numbers are aiways higher than local Stanton numbers in the same 

mass transfer entrance section, and if electrochernical experiments are used to study 

mass transfer under conditions where the mean K value approaches the fblly 

developed, longer mass transfer sections, h m  L/d=9.7 for Re=26,000 to Wd4.6 for 

Re= 1 3 5,000, are required. 

3. There are difficulties in the application of small local electrodes embedded in much 

larger active electrodes to measure local mass transfer rates. The difficulties are 

caused by edge effects relating to the electrical insulation surrounding the small local 

electrode. The errors increase as the local electrode size is decreased. The use of very 

small electrodes to study the rapidly changing mass transfer rates at the leading edge 

(~0.2 mm) of the mass transfer entrance length, at hi& Reynolds numbers, would 

pose severe practical difficulties since electrodes of the order of 10 pm wide with 1 

pm insulation would be required. The use of local electrodes of the order of 100 pm 

wide with 10 pn insulation for studying the balance of the mass transfer entry length 

is practical. 

7.1.2. Corrosion in the Mass Transfer Entry Length 
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1. The profiles of the corrosion rate, of the surface concentration of dissolved metal ions 

and of the surface pH are dependent on the extent to which the mass transfer 

components control the corrosion process. 

2. If the corrosion is under charge transfer control, the surface concentration of 

dissolved metal ions decreases with rising Reynolds number and increases along the 

mass transfer entrance region. 

3. If the corrosion is solety controlled by the mass transport of oxygen fiom bulk 

solution to the metal surface, the corrosion rate increases with Reynolds number and 

decreases dong the mass transfer entrance length. The surface concentration of 

dissolved metal ions and surface pH do not vary with Reynolds number and the 

distance dong the entrance length. The conditions for film fornation would be 

uniform throughout the mass transfer entrance region. 

4. In the case of corrosion being partially controlled by the mass transport of dissolved 

metal ion fiom the metal surface to bulk solution, the corrosion rate increases with 

Reynolds number and decreases along the mass transfer entrance length. n i e  surface 

concentration of dissolved metd ions and surface pH decrease with rising Reynolds 

number and increase along the mass transfer entrance length. The much smaller 

changes of surface metal ion concentration and surface pH in this case, compared to 

that for corrosion being controlled by 0, mass transfer, lies in the fact that the 

corrosion rate is only partially controlled by mass transfer. 
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7.1.3. Effect of Electrode Misalignment on Corrosion Rate Measurernent 

1. The effects of both electrode-misalignrnent and mass-transfer-entry-length can lead to 

large errors in the measurement of corrosion rates. For example a step height of 500 

pm with a 10 mm long protruding electrode increased the 43% mas-transfer-entry- 

length error with a fiush electrode to 86%. 

2. The errors due to the mass-transfer-entry-length and electrode-misalignment can be 

reduced to acceptable values by the choice of electrodes of suitable length (60 mm in 

the above case) and maintainhg the electrode misaligrnent step height (either 

protniding or recessed) e50 prn at Reynolds number of 5x IO4. 

3. A shorter total length of corroding metal c m  be used if a preceding corroding 

specimen is placed irnmediately upstream and insulated fkom the working electrode. 

For polarization resistance measurements with small voltage perturbations of several 

mV the preceding specirnen need not be polarized along with the working electrode. 

Such an arrangement of the electrodes can reduce the contamination of dissolved 

metal ion to solution and thus the interference with the corrosion rate measurement. 

4. The profiles of both the surface concentration of the dissolved metal ions and the 

surface pH for mass transfer controlled corrosion are very different to those for charge 

transfer controlled corrosion. In the mass transfer controlled corrosion the 

concentration and pH Vary little (although with a value much different from the bulk 

solution) along the corrosion metal surface in the presence of both mass-transfer- 

entry-length and electrode-misalignment effects. The lack of variation of the rnetal 
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ion concentration and pH dong the electrode length relates to the ratio of mass 

transfer coefficients for the reactants and products remaining constant in the presence 

of both dishirbed and developing flow. In the charge transfer case there are substantial 

variation of surface concentration and pH dong the length of the corroding metal. 

7.1.4. Relationship between Modelled Turbulence Parameters and Corrosion 

FUm Stability 

1. The conosion films can grow on a copper surface at flow velocity Ufl.5 m/s 

(Re=1.26x IO4) in a straight duct with cross section 50 x 15 mm. With the constriction 

section (step height 2 mm), the film will not grow in both the immediate downstream 

region of the sudden consûiction and the recirculation zone downstream of the 

sudden expansion. If a critical value of modelled near wall velocity fluctuations was 

to be used as an indicator for preventîng film growth on copper surface in the present 

flow system it would be around 0.08 d s .  

2. It is not appropriate to use wall shear stress, calculated based on local mean velocity 

gradient at the wall, as a criterion for film formation and removal in the flow system 

involving disturbed flow conditions. 

3. Local mass trans fer coefficients are closely correlated to the near-wall turbulence. 

Disturbed flow conditions caused by the sudden constriction and sudden expansion 

will lead to higher turbulence in the near-wall region, which in hun causes higher 

mass transfer rates in both irnmediate downstream region of sudden constriction and 

recirculation zone downstream of sudden expansion. Non-uniform mass transfer 
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conditions along the copper deck with f o w d  f a c e  step and backward facing step 

will result in non-uniform film formation conditions. There is a possibility in the 

present flow system that the film formation is thermodynamically impossible in the 

area such as the immediate downstream region of the sudden constriction and the 

recirculation zone downstrearn of the sudden expansion while it is thermodynamically 

possible in the remaining regions. 

7.2. Recommendations 

1. The present turbulence mode1 could be used to simulate the mass transfer and 

corrosion in the tube side of heat exchanger. The flow conditions in the inlet section 

of the tubes in heat exchanger involve both developing viscous flow boundary layer 

and developing mass transfer boundary layer and cause enhanced mass transfer rate 

and corrosion rates. The simulations results should provide a better understanding of 

the corrosion rate and film formation and removal conditions in the tube side inlet 

section of heat exchmgers where severe erosion-corrosion problerns often occur. 

2. 3-D turbulence mode1 should be used in the future work as more powemil computers 

are available. Such a mode1 should be able to predict the error in electrochemical rate 

measurement and to determine the effect of electrode misalignment on 

electrochernical corrosion rate measurement in turbulent pipe flow with small round 

electrodes installed in the pipe wall. 

3. Future experimentd work should enable study of the corrosion rate and the film 

formation and destruction under well controlled hydrodynarnic and water chemistry 



CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 

conditions and enable the application of advanced opticai techniques to observe the 

film growth and removal under various disturbed flow conditions. The concentration 

of dissolved 4, solution pH and solution chernical composition should be monitored 

and controlled continuously. Electrochernical measurement techniques should be used 

to determine the corrosion rate, corrosion potential and other kinetic parameters 

(exchange current density and Tafel dopes) under various flow conditions. The 

relevant parameters obtained during experiment will be input into the turbulence 

model and the corrosion model. The predicted film formation and removal conditions 

will be compared with the observed film fonnation and removal conditions. 
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Appendix I Derivation of general rate equation for iron 

dissolution taking into account the effect of OH- 

General equation ~ e =  ~8 +2e 

Mechanism (Bockris et al, 196 1): 

F e + O H -  t-- ,FeOH+e 

From Bockris et ai (196 1): 

F 
Let f =- . equations (1) and (2) become: 

RT 



- - ~,[OH-]'~-[F~"]~~~~* exp z, - I o  - 

APPENDLX 1 

(4) 

Net curent density: 

i = ia - ic = ka [OH-]'@'- exp(a, JE) - k,  OH-]"^- [~e*']'"" exp(-a, FE) (7) 

From equations (6) and (7) 



Fig. 1 Schematic overpotential-current diagram. 

Let q = E - E, , equation (8) becomes 

i = i,[exp(a,fi, ) - exp(-a,h, )] 

Substitution of equation (1 0) into equation (9) gives 



According to Nagy (1 977): 

a,+a,== and v = l  
v 

Therefore, equation (1 1) becomes 

From equation (5) 

Therefore, 



where 

Substituting equation (14) into equation (12) and letting qb = qr ,  we obtain the final 

form of general rate equation 

where 



where 

Since 

Appendix II Derivation equation (1) frorn equation (II) 

K st, = - 
W b  

112 

1.4. = ($1 and 

Equation ('II) can be rewritten as 

1 
5 ,  = - hPub2 (Schlichting, 1979) 

8 

where f is fiction factor. 



Substitution of equation (III) into equation (V) gives 

Substitute the BIasius fiction relation 

f = 0.316~e~-~ 4000<Re< 10' 

into equation (VII) and rearrange equation we obtain 

That is 

APPENDIX II 

03 

Equation (X) is the same as equation O, which indicates that equation (II) is equivalent 

to equation O. 




