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Abstract 
 

This work has investigated the corrosion performance and mass transfer of oxygen on copper 

and nickel-aluminium bronze surfaces within a wall-jet flow cell assembly.  Limiting currents of 

the dissolved oxygen mass-transfer kinetics as a function of volume flow rate at a wall-jet 

electrode were examined for copper and nickel-aluminium bronze in a 3.5 wt.% NaCl solution.  

Mass transfer kinetics for the reduction process studied was compared with rotating disc and 

cylinder electrode data.  The wall-jet electrode mass transfer coefficients for commercially pure 

copper and cast nickel-aluminium bronze were determined to be 0.01-0.06 cm s–1 and 0.01-0.05 

cm s–1, respectively. 

 
Keywords: Wall-jet electrode; mass transfer; oxygen reduction; copper; nickel-aluminium 
bronze. 
 
 

1. Introduction 
 

Mass transfer in a corrosion process is the transport of species to and from the electrode 

surface.  It plays an important role during flow-induced corrosion where the dissolved oxygen or 

the dissolved metal-ions must diffuse from the solution to the metal or from the metal to the 

solution, respectively [1].  The mass transport processes for copper and copper-based alloys 

have been previously studied using a range of different hydrodynamic systems [2,3].  

Hydrodynamic devices use convection to enhance the rate of mass transfer to the electrode 

surface and offer advantages over techniques that operate in static solutions.  Various 

hydrodynamic devices have been used to study such effects, namely jet impingement 

electrodes, rotating disc electrodes (RDE) and rotating cylinder electrodes.  However, the 

device used in this present study is a wall-jet electrode (WJE), used to investigate and quantify 

the electrochemical mechanisms for copper-based alloys during flow-induced corrosion. 

The term ‘wall-jet’ was introduced by Glauert [4] to describe when the electrode diameter 

is larger than the diameter of the nozzle [4-16].  The WJE is a well-characterised hydrodynamic 

electrode where flow is due to a submerged fluid jet (from a circular nozzle) that impinges at a 

normal (90) angle onto a planar disc electrode, with the fluid spreading radial over the 

electrode surface.  The pattern of the flow field and the distinct hydrodynamic regions are 
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schematically illustrated in Figure 1.  The flow field of a wall-jet consists of the following zones: 

(i) the core, where the jet maintains its exit velocity at the centreline while mixing and diffusing 

with the ambient fluid in its shear layers; (ii) the free jet flow, where the core velocity has 

decayed completely, and the shear layers interact at the jet centrelines, (iii) the stagnation 

region, where the jet changes direction and becomes radially directed and the thickness of the 

hydrodynamic boundary layer is independent of the radial distance close to the stagnation point 

and (iv) the wall-jet region, a region adjacent to the planar electrode at some distance from the 

stagnation point where the radial velocity starts to decay and the thickness of the boundary 

layer increases with radial positions [11].  The wall-jet region is generally considered to begin at 

approximately three to five nozzle diameters from the stagnation point [17].  The primary flow 

vector is parallel to the solid surface and the flow profile is characterised by high turbulence 

intensity, a large velocity gradient at the wall, and high wall shear stress that decreases with 

increasing distance from the stagnation point [18]. 

 

 

Figure 1:  Schematic representation of the wall-jet electrode hydrodynamic regions. 

 

The flow pattern in the wall-jet electrode system has a highly non-uniform flow field across the 

electrode surface, the rates of mass transport being much higher in the centre of the electrode 

than at the edge [19].  Hydrodynamic electrodes require an optimised electrode configuration 

and cell design with well-defined hydrodynamic characteristics, low dead volume, as well as 

constant effective electrode area, the wall-jet cell fulfils all these requirements [12].  When 

studying the anodic and cathodic mass transfer kinetics of copper and copper-based alloys it is 

vitally important to consider the flow regime conditions.  Rotating disc electrode rotating cylinder 

electrode, jet-impingement and wall-jet electrode geometries have all been used as 

complementary, hydrodynamic working electrodes.  The rotating disc and rotating cylinder 

electrodes provide well-defined surfaces for laminar and turbulent flow studies, respectively.  

Whereas, the WJE can facilitate a comparison of copper-based alloy dissolution rates under 

flow corrosion conditions using the less well-controlled and more variable jet impingement 



 3 

geometry (either free or confined jet, plus nozzle geometry, the stand-off distance between 

nozzle exit and electrode).  In addition, in comparison with the RDE, the WJE assembly has 

advantages that, firstly arise from the flow-through nature of the device which means that fresh 

electrolyte is continuously supplied and corrosion products are swept away, as such limiting the 

build-up of reaction intermediates which might influence the electrode process, and secondly 

from the high sensitivity of the WJE (compared with RDE) to variations in the rate of mass 

transport.  As with other hydrodynamic electrodes, a limiting current, 𝐼L, approach has been 

used to study the influence of mass transfer within wall-jet electrode.  The 𝐼L is an important 

parameter since it represents the maximum rate where current is diffusion limited and can be 

expressed according to the relationship derived by Yamada and Matsuda [7] for a wall-jet given 

in Equation (1): 

 

 𝐼L = 1.38𝑧𝐹𝐶b𝐷0.667𝜈−0.417𝑄0.75𝑑n
−0.5𝑟w

0.75                                                                                 … … (1) 

 

where z is the number of electrons involved in the electrode reaction, F the Faraday constant, Cb 

is the bulk concentration, D is the diffusion coefficient, v is the kinematic viscosity, Q is the 

volume flow rate, dn is the diameter of nozzle and rw is the radius of the working electrode.  

Figure 2 shows a schematic of a linear sweep polarisation curve with three distinct regions 

evident: charge transfer, mixed and mass transport controlled (diffusion limited) [20,21]. 

 

 

Figure 2:  Schematic of a polarisation curve showing the locations of the charge and mass transport 
control regions. 

 

The ‘charge transfer control’ region describes the electrode reactions that are limited by the rate 

of charge transfer at the electrode-solution interface at low applied potentials.  The current 

increases exponentially at more positive applied potentials, which is affected by both applied 
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potential and the flow rate.  This is the ‘mixed control’ region where a combination of charge and 

mass transfer processes control the electrode reactions.  At high applied potentials, a limiting 

current occurs, which corresponds to the maximum reaction rate permitted by mass transport.  

The limiting current technique is a convenient technique for transport-rate studies, since the 

mass transport coefficient (km) can be readily and accurately calculated from the experimentally 

obtained limiting current using Equation (2) [20,21]. 

 

𝑘m =
𝐼L

𝑧𝐹𝐴𝐶b
                                                                                                                                        … … (2) 

 
The aim of this study is to determine the cathodic mass transfer kinetics of flow corrosion 

of commercial purity copper and cast nickel-aluminium bronze (NAB) wall-jet electrodes and to 

follow on with comparisons of the anodic response, both in aerated 3.5 wt.% NaCl test 

solutions. 

 
 

2. Experimental 
 

The WJE was used for the first time to investigate the mass transfer kinetics of flow 

corrosion.  The wall-jet flow cell was supplied by IJ Cambria Scientific Ltd., UK. The flow cell 

consisted of working electrode disc with a diameter of 3 mm, a silver/silver chloride (Ag/AgCl. 3 

M KCl) reference electrode and a platinum (Pt) counter electrode which is also utilised as the 

out-flow tube from the cell assembly.  The inlet jet nozzle diameter was 300 µm with a 350 µm 

stand-off distance (nozzle exit to working electrode).  Figure 3 shows the schematic of the 

modified WJE. Current interrupt measurements show this design had an ohmic resistance drop 

of about 80 . 

 

 
Figure 3:  Schematic of the wall-jet flow cell assembly (modified) where WE is the working electrode, CE 

is the counter electrode and RE the reference electrode). 
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Electrolyte flow was achieved using a bespoke syringe pump, consisting of two positive 

displacement syringes with a top and bottom cylinder (piston), each with a capacity of 0.5 L of 

water and was rack driven. All wetted surfaces of the pump were non-metallic, manufactured 

from ultra-high molecular weight polyethylene (UHMWPE).  The design mimics a dual-syringe 

pump in that one piston discharges (pumps to the WJE) the test electrolyte, while the other 

recharges (refilled from an external electrolyte reservoir) and vice versa. 

 

Wall-jet electrode calibration 

 The WJE experiments were calibrated using a hexacyanoferrate ion,   4

6CNFe , redox 

system [22], containing 0.1 mM K4Fe(CN)6 and 1 M KCl as the supporting electrolyte at 20C. 

The Pt electrode surface (diameter: 3 mm) was polished with a 0.3 µm Al2O3 slurry and 

degreased with acetone.  Linear sweep voltammetry was carried out on the platinum surface at 

a sweep rate 1 mV s–1 and the corresponding oxidation currents were measured at different flow 

rates over a range of +0.1 V to +1.3 V vs. Ag/AgCl potential.  The cell volume flow rates were 

calibrated over a range from 0.03 cm3 s–1 to 0.33 cm3 s–1 by a simple volumetric-time analysis.  A 

Gamry Instruments PC4-750 potentiostat and DC105 software was used to perform the linear 

sweep voltammetry.  The test solution was deaerated by continuous sparging for 1 h with 

nitrogen before the test solution was fed into the pump assembly to measure the background 

current.  Prior to filling nitrogen was used to replace the air within the pump assembly.   

 

Mass transfer study 

The mass transfer kinetics as a function of volume flow rate (from 0.05 cm3 s–1 to 0.46 

cm3 s–1) were studied for commercially pure copper, Cu (99.99%), and cast nickel-aluminium 

bronze, NAB (CuAl9Ni5Fe4Mn), in a 3.5 wt.% NaCl test solution.  The NAB was supplied by 

Langley Alloys conforming to British Naval specification NES 747 Part 2 (chemical composition: 

Al 9.32, Ni 5.38, Fe 5.00, Mn 1.10, Si 0.05% wt. and Cu balance).  The copper and NAB 

specimens (diameter: 3 mm) were wet ground (up to grade 1200 SiC paper) and the final 

lapping procedure used a 1 μm diamond suspension to achieve a surface finish (Ra) of less than 

0.01 μm and degreased with acetone and stored in a desiccator before testing.The reduction 

reaction kinetics for these copper alloys plays a crucial role and ultimately influences the overall 

corrosion rate.  Thus, the emphasis was the study of the oxygen reduction reaction (ORR) at the 

freshly polished surfaces of commercially pure copper and NAB.  Linear sweep voltammetry was 

performed to study the ORR at freshly polished specimen surfaces over a –0.200 V to –1.600 V 

vs. Ag/AgCl potential range.  The test electrolyte was either continuously aerated or deaerated 

achieved by continuous sparing with air or nitrogen, respectively.  The dissolved oxygen (DO) 

concentration and electrolyte temperature were measured using a Hanna Instruments HI9145 

DO probe during each experiment.  These readings are shown in Table 1 along with the cell flow 
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rates and the nozzle Reynolds (Re) numbers. The critical transition between laminar/turbulent 

flow for a jet, Rejet, is 300 and thus the WJE operated predominately within a well-defined 

turbulent regime [23]. 

 

Table 1:  Measured temperature, dissolved oxygen and flow rates for each experimental condition 

Experiment 

Temperature 

/ C DO / ppm 

𝑪𝐎𝟐
(×10–7) / 

mol cm–3 
Flow rate / 

cm3 s–1 Rejet 

Oxygen reduction 
on CP Cu 

22.0 ± 0.1 6.3 ± 0.2 1.96 0.05 to 0.50 ± 0.02 234 to 1956 

Oxygen reduction 
on NAB 

18.9 ± 0.2 7.3 ± 0.2 2.27 0.06 to 0.45 ± 0.02 258 to 1892 

 
 

3. Results and discussion 
 
3.1  Calibration of the wall-jet electrode 
 
 The WJE has been calibrated by means of mass transport limited current 

measurements using the model reaction of the oxidation of the hexacyanoferrate ion on a Pt 

electrode surface, i.e., the ferro/ferricyanide redox couple. 

 

  eFe(CN)Fe(CN) -3
6

-4
6        ……(3) 

 
The resultant current-voltage curves are shown in Figure 4, for volume flow rates between 0.03 

cm3 s–1 and 0.33 cm3 s–1 (jet velocity between 0.4 m s–1 to 4.8 m s–1).  The background scan 

was obtained at a zero flow rate. 

 
Figure 4:  The limiting current plateau region for a 0.1 mM K4Fe(CN)6 and 1 M KCl solution at a platinum  

electrode (diameter: 3 mm) for a sweep rate of 1 mV s–1 at 20C and velocities ranging from 0.4 to 4.8 
m s–1. 
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Well-defined reduction waves were obtained for the wall jet electrode, although the limiting 

diffusion currents show some fluctuations.  As the voltage is swept in the positive direction, the 

current initially increases but then plateaus out until approximately +1.1 V vs. Ag/AgCl where 

oxygen evolution occurs.  The plateau represents the limiting current for the redox species.  The 

limiting current was obtained by fitting a horizontal line for current points between +0.4 V and 

+1.0 V vs. Ag/AgCl and subtracting the background response.  Figure 5 shows a plot of limiting 

current against the volume flow rate with the exponent of 0.75.  The limiting current for the redox 

reaction according to Yamada and Matsuda [7] is given by Equation (4). 

 

𝐼L = 1.38𝑧𝐹[Fe(CN)6
4−]𝐷0.667𝜈−0.417𝑄0.75𝑑n

−0.5𝑟w
0.75                                                                  … … (4) 

 

where z = 1, F = 96485 A s mol–1,   4

6CNFe = 0.1×10–6 mol cm–3, v = 0.01 cm2 s–1, rw = 0.15 cm, 

and dn = 0.03 cm. 

 

 

Figure 5:  Limiting diffusion current vs. flow rate for a 0.1 mM K4 Fe(CN)6 and 1M KCl solution at a 

platinum electrode (diameter: 3 mm) at 20C. 

 
The slope obtained was used to calculate the diffusion coefficient of the hexacyanoferrate ion 

by using Equation (4).  The diffusion coefficient was calculated to be 6.7×10–6 cm2 s–1.  This 

compares well with the diffusion coefficients found in the published literature, i.e., 6.5×10–6 to 

7.1×10–6 cm2 s–1 for RDE and RCE geometries [7,24-26]. 
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Figure 6:  Mass transfer coefficient for hexacyanoferrate ions at 20ºC. 

 

Figure 6 shows the mass transfer coefficients using the values of diffusion coefficients for 

hexacyanoferrate ions and Equation (2), the mass transfer coefficient, km, was plotted as a 

function of Q0.75.  Mass transfer coefficients of approximately 0.01 cm s–1 to 0.03 cm s–1 were 

calculated.  The plot of limiting current against the flow rate confirms the linear relationship 

predicted by the Yamada and Matsuda for the WJE.  Thus, the WJE cell assembly used in this 

study has been shown to be suitable for carrying out the mass transfer studies.  

 

 

3.2 Mass transfer of dissolved oxygen 

 The results of the mass transfer of oxygen to the reduction reaction on copper and 

NAB surfaces within the wall jet flow cell are discussed in this section.  Figures 7 and 8 show 

oxygen reduction at copper (Cu) and NAB electrodes in a 3.5 wt.% NaCl solution, respectively.  

Oxygen reduction is the predominant cathodic reduction for potentials more positive than –1.5 V 

vs. Ag/AgCl.  The cathodic polarisation curves for Cu and NAB show single wave responses for 

oxygen reduction which indicates an overall four-electron exchange.  The wave indicates the 

reaction is charge-transfer controlled at low cathodically applied potentials close to –0.3 V.  At 

more negative potentials, the reaction is under mixed-control.  For further increases of potential, 

i.e., between –0.6 V to –1.5 V, the current is approximately constant.  This is the limiting current 

at which oxygen reduction is under mass transport/diffusion control.  The limiting current 

increases with increasing flow rate due to greater mass-transport of oxygen to the electrode 

surface.  Hydrogen evolution predominates at potentials more negative than –1.5 V vs. 
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Ag/AgCl.  The background scan was obtained at zero flow rate after removal of oxygen by 

nitrogen sparging. 

 

Figure 7:  Cathodic polarisation curves for oxygen reduction at the copper wall-jet electrode in a 3.5 wt.% 

NaCl solution at 22C and velocities ranging from 0.7 m s–1 to 6.5 m s–1. 

 

 
Figure 8:  Cathodic polarisation curves for oxygen reduction at the NAB wall-jet electrode in a 3.5 wt.% 

NaCl solution at 19C and velocities ranging from 0.8 m s–1 to 6.3 m s–1. 
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The limiting current data was obtained using the curve fitting method as outlined by Ponce-de-

Leon and Field [27] by plotting log (𝐸/𝐼) against reciprocal current log (1/𝐼), see Figure 9. 

Accordingly, if the current I = f(E) then, 
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The term in square brackets increases when the change of current (I) relative to changes in 

potential (E) decreases, i.e., as the condition of limiting current are approached.  Under these 

conditions, the curve in an 𝐸/𝐼 against 1/𝐼 plot is very steep.  Ideally, a limiting current would 

correspond to 𝑑(𝐼)/𝑑(𝐸) = 0, and so the upward curve in the 𝐸/𝐼 against 1/𝐼 would be vertical.  

Under certain experimental conditions this is masked by a second reaction or by an IR drop and 

so the determination of the condition corresponding to mass transfer limitation has been taken 

to be the mid-point between the maximum and minimum point in the 𝐸/𝐼against1/𝐼 curve, see 

Figure 9.  The average of these two values gives a limiting current at the point of inflection.  

Figures 10 and 11 show the limiting current vs. flow rates for Cu and NAB, respectively.  

 
Figure 9:  Limiting current determination, after [27]. 
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Figure 10:  Limiting current vs. flow rate plot for the oxygen reduction reaction at the copper wall-jet 

electrode using a 3.5 wt.% NaCl solution at 22C. 

 

Figure 11:  Limiting current vs. flow rate plot for the oxygen reduction reaction at the NAB wall-jet 
electrode using a 3.5 wt.% NaCl solution at 18.9ºC. 

 

The coefficient of diffusion was calculated for Cu and NAB at 22.0C and 18.9C and are shown 
in Table 2, respectively.  
 

𝐼L = 1.38𝑧𝐹𝐶O2
𝐷O2

0.667𝜈−0.417𝑄0.75𝑑n
−0.5𝑟w

0.75                                                                                 … … (7) 

 
where 𝐶O2

 is the bulk concentration and 𝐷O2
is the diffusion coefficient of dissolved oxygen. 
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Table 2:  Calculated oxygen coefficient of diffusion for pure copper and NAB in a WJE 

Material 𝐷O2
 / (×10–5 cm2 s–1) Temperature / C 

Cu 1.30 ± 0.10 22.0 

NAB 1.31 ± 0.05 18.9 

 
The wall-jet derived diffusion coefficient for oxygen has been compared with values quoted in 

the literature that have been obtained for copper-based alloys at 25C, see Table 3.  The 

diffusion coefficient at 25C has been derived using Equation 8 [28]. 

 

𝐷25 = 𝐷o ∙ exp [
−𝐸a

𝑅
(

1

𝑇25
−

1

𝑇o
)]                                                                                                     … … (8) 

 

Where 𝐷o is the diffusion coefficient at the experimental temperature, 𝑇o, R is the gas constant 

8.314 J–1 K–1 mol–1, 𝐸a is the activation energy for diffusion of oxygen which is 83 J mol–1 [28] 

and T25 is the temperature at 25C. 

 

Table 3:  Diffusion coefficients corrected to 25C from the literature and the present work 

Electrode 
material 

Cell 
geometry Test electrolyte 

𝐶O2
 / (10–7) 

mol cm–3 
𝐷25 / (10–5) 

cm2 s–1 Ref. 

Cu 
Rectangular 
channel cell 

Natural seawater 1.85 1.6 [29] 

Cu-30Ni 
Rectangular 
channel cell 

Natural seawater 1.85 1.6 [29] 

Cu RDE Filtered seawater 2.16 2.0 [30] 

Cu RDE Artificial seawater 2.19 2.2 [30] 

Cu-10Ni RDE Filtered seawater 2.16 2.3 [30] 

Cu-10Ni RDE Artificial seawater 2.19 2.7 [30] 

NAB (wrought) RDE Filtered seawater 2.16 1.7 [30] 

NAB (wrought) RDE Artificial seawater 2.19 1.8 [30] 

Cu-Ni RDE 1 mol L–3 NaCl 2.00 1.8 [31] 

Cu RDE 1 mol L–3 NaCl 2.00 1.8 [32] 

Cu RDE 0.5 mol L–3 NaCl 2.00 2.0 [33] 

Cu WJE 0.6 mol L–3 NaCl 1.96 1.4 – 

NAB (cast) WJE 0.6 mol L–3 NaCl 2.27 1.4 – 
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Figure 12:  Comparison of the oxygen diffusion coefficient for copper-based alloys in different flow cell 
geometries. 

 

In Table 3 a mean diffusion coefficient for oxygen reduction on Cu and Cu-Ni found in the open 

literature ranges from 1.6×10–5 to 2.7×10–5 cm2
 s–1, with an average of about 2.0×10–5 cm2 s–1.  

This average is higher than experimental values obtained in WJE by about 40%.  The low 

diffusion coefficient for the WJE relative to those for RDE is most likely to be related to the cell 

geometry and the highly non-uniform flow field that is established in the cell, with enhanced 

effects at radial distances close to the stagnation zone immediately adjacent to the nozzle exit.  

Thus, influencing the net mass transport within the presence of a concentration gradient (the 

WJE concentration gradient will be geometrical constrained and electrolyte well mixed within the 

300 m wide wall-jet channel).  Figure 12 shows that quoted values of D increases with 

increasing oxygen concentration.  According to Nernst-Einstein, the diffusion coefficient (D) of 

oxygen 𝐷O2
increases with increasing molar conductivity () of oxygen given by Equation (9) 

[34]. 

 

𝐷 =
𝑅o𝑇𝜆

𝑧2𝐹2
                                                                                                                                               … … (9) 

 

The molar conductivity of oxygen for a strong electrolyte (3.5 wt.% NaCl solution), according to 

Kohlrausch’s law [34], is proportional to the concentration of oxygen, 𝐶O2
 given by the Equation 

(10):  
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𝜆 = 𝜆o − 𝑘√𝐶O2
                                                                                                                                  … … (10) 

 

Where 𝜆o molar conductivity at infinite dilution, and k is the coefficient depending on electrolyte.  

 

The Equations 9 and 10 show a relationship between diffusion coefficient and concentration i.e., 

𝐷 ∝ √𝐶O2
.  The expression √𝐶O2

 tends to zero as the concentration of oxygen in the solution 

decreases and D becomes negligible, i.e., the Nernst–Einstein Equation (9) becomes 

increasingly valid for the increasing dilution of the oxygen in solution [34].  However, Figure 12 

shows the concentration exponent is greater than 0.5, i.e., 𝐷 ≈ 𝐶O2

2  for the present study, 

possibly due to the higher concentration of oxygen.   

 

Figure 13:  Plots of mass transfer coefficient for oxygen reduction on copper and NAB. 

 
The mass transfer coefficients calculated using Equation (2) and using the diffusion coefficient 

of the WJE from Table 2 are plotted as a function of flow rate and shown in Figure 13.  Excellent 

agreement is seen between the Cu and NAB results.  Table 4 compares the mass transfer 

coefficients for oxygen reduction on freshly polished copper and NAB in 3.5 wt.% NaCl solutions 

derived from wall-jet, rotating disc and cylinder electrodes.  The range of mass transfer 

coefficients obtained with the wall-jet is relatively high compared to the other hydrodynamic 

geometries.  This can be related to the higher turbulence intensity that occurs within the WJE 

which results in enhanced dissolved oxygen mass transfer to the electrode surfaces.  This has 

important implications for the corrosion kinetics and the formation of oxide films, both in terms of 

the mechanical influence of turbulence intensity and flow corrosion effects, plus the availability 
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of oxygen at the electrode surface to enhance formation of protective oxide films within a given 

flow condition. 

 

Table 4:  Comparison of mass transfer coefficients for oxygen in different cell geometries at 25°C 

Electrode material Flow cell geometry km / cm s–1 

Cu WJE 0.010 – 0.060 

Cu RDE [30] 0.005 – 0.030 

Cu RCE [30] 0.003 – 0.010 

NAB WJE 0.010 – 0.050 

 
 
4.  NAB anodic polarisation performance in a WJE 

As discussed previously, oxygen reduction kinetics play an important role in controlling 

corrosion; however, it is equally crucial to assess the anodic kinetics as well.  The aim of this 

aspect of the study was to compare the anodic polarisation performance of NAB with that from 

other commonly used hydrodynamic electrode assemblies.  Figure 14 shows the polarisation of 

NAB in the different cell geometries used within this study.  By analogy with copper [19,21,32,35-

40], it has been well-established that the initial corrosion process for NAB in aerated chloride 

media is the anodic interfacial dissolution of copper to form a dichlorocuprous anion complex, 

which can be simplified to: 

 
Cu + 2Cl− ⇌ CuCl2

− + e−       ……(11) 
 

It has been reported that at chloride concentrations of 10 mM to 1 M that 


2CuCl  is the 

predominant complex [41,42].  In neutral solutions the presence of high concentrations of 


2CuCl  

at the metal surface may result in a hydrolysis reaction and the formation of Cu2O according to: 

 
 2CuCl2

− + H2O ⇌ Cu2O + 2H+ + 4Cl−      ……(12) 
 
Or alternatively, the CuCl produced by the precipitation of dissolved Cu(I) in a chloride media may 

lead to further Cu2O growth: 

 

 2CuCl + H2O ⇌ Cu2O + 2H+ + 2Cl−      ……(13) 
 

The anodic polarisations of commercial purity copper and NAB under static immersion show 

typical regions of ‘apparent Tafel’ behaviour (mixed charge transfer and mass transport 

controlled kinetics), a pseudo passivation region with oxide film formation leading to a maximum 

peak current density (plus, the possibility of surface precipitation of CuCl) that is followed by a 

‘limiting’ current density linked to film or further metal dissolution, and increase of current density 

due to the formation cupric species as reported in the literature [21,30].  However, the WJE 

response differs from the RDE and static immersion test.  The anodic kinetics in both the WJE 

and JIR are subject to a flow-through system and thus show a different response when 
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compared with the static tests (no hydrodynamic flow) or RDE, which have confined volumes of 

electrolyte.  It is evident from Figure 14 that there is a definite change in the mechanism of 

anodic polarisation (and subsequent nature of any protective film formation) for WJE and JIR.  

The formation of intermediate species such as 

2CuCl  will be swept away with the flow steam 

crucially limiting the formation of Cu2O films, thus preventing an elementary step in protective 

oxide film development that NAB is chiefly reliant on when in-service.  Nonetheless, for Cu–Al 

alloys such as NAB, in the absence of hydrolysis of Cu(I) species, alumina (Al2O3) is likely to 

predominate within the nascent oxide film, which is impermeable to the passage of cuprous 

cations and thus sustains a lower copper dissolution rate.  The WJE setup can provide key 

mechanistic insights into the copper and NAB flow corrosion processes, across static to 6.3 m 

s–1 impinging fluid jet conditions, particularly the influence of controlled laminar and turbulent 

hydrodynamic conditions on the dissolution kinetics that may better represent in-service 

exposures.  

 

 

Figure 14:  NAB anodic polarisation using various flow cell geometries.  The test electrolyte was aerated 

3.5 wt.% NaCl solution at 20C. 

 
 
 
 
 



 17 

5. Conclusions 

This work used an innovative investigation into the corrosion performance and mass 

transfer kinetics in a wall-jet electrode for freshly polished commercially pure copper and nickel-

aluminium bronze.  Quantitative cathodic kinetics data that influence the corrosion performance 

was obtained using a limiting current technique.  The cathodic reactions for copper and NAB 

were dominated by the oxygen reduction.  The WJE electrochemical performance differed from 

either the rotating disc or cylinder electrode geometries, e.g., markedly lower diffusion 

coefficients for oxygen were obtained for the WJE due to the flow-through cell geometry and 

constrained flow field effects.  The higher mass transfer coefficients for oxygen reduction on 

copper and NAB surface in the WJE compared to rotating disc and cylinder are due to the 

greater turbulence intensity within the thin channel.  WJE electrolyte flow-through prevents 

secondary hydrolysis of Cu(I) species and Cu2O film formation allowing flow corrosion 

performance to be characterised with a continually refreshed test solution. 
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