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Abstract 

 
The mass transfer is an important phenomenon associated with a wide range of problems in the 

nuclear industry, such as materials degradation of components and fouling of heat exchangers 

and steam generators. However, mass transfer under a two-phase flow boiling condition has not 

been successfully investigated using direct experimental approach due to experimental 

difficulties. To fulfill the knowledge gap in this area, the objective of this project is to develop a 

novel experimental device and measurement technique to investigate mass transfer rate under the 

flow boiling condition. Because of the challenges associated with research in this area, the 

current study has been divided into three phases: (I) a bulk boiling condition, (II) a pool boiling 

condition and (III) a two-phase flow boiling condition.  

 

In Phase I, a rotating cylinder electrode system was employed to mimic the flow condition, and 

the electrolyte was heated to obtain the bulk boiling condition. The mass transfer behavior of 

oxygen and ferricyanide were determined from room temperature to just below the boiling point 

(i.e. 99 C) for rotating speeds between 100 and 3300 rpm. A correlation was successfully 

developed to predict the mass transfer behavior for the dissolved oxygen reduction and 

ferricyanide reaction below the boiling condition. However, the experimental data obtained 

under bulk boiling conditions was on the average 38% higher than the predicted data due to the 

generation and rupture of boiling bubbles in the bulk solution. 
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In Phase II, a novel pool boiling setup was designed and constructed to study the mass transfer 

behavior on a nucleate boiling surface at atmospheric pressure. This study made a valuable 

contribution to the existing knowledge of mass transfer study on nucleate boiling surface because 

it is the first successfully attempt according to the open literature. Potassium ferricyanide and 

hydrogen peroxide were used as the non-volatile and volatile reaction species, respectively.  It 

was found that under subcooled nucleate boiling and fully developed nucleate boiling conditions, 

the mass transfer coefficient increases with the increasing electrolyte temperature and heat flux 

for both species. The increase for hydrogen peroxide was faster than that for potassium 

ferricyanide due to the transfer of hydrogen peroxide ions through both the liquid and vapor 

phases during the reaction. In addition, an empirical correlation was proposed to include the 

bubble induced micro-mixing and macro-mixing effects, which occurred during boiling and was 

proven to agree well with our experimental data.  

 

In Phase III, a novel high temperature and pressure experimental flow loop and measuring 

technique were developed to determine the mass transfer rate under the flow boiling condition. 

The experimental setup and measuring technique enabled us to study the mass transfer behavior 

under the flow boiling condition to a level that no one else has been achieved according to open 

literature. The mass transfer coefficients were determined experimentally for the first time using 

this flow loop. An empirical correlation was proposed to represents our experimental data within 

10% error. This work will provide a good base for further flow boiling mass transfer studies. 
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Chapter 1 Introduction 

1.1 Background 

Systems operating under a flow boiling condition that has two phases are commonly encountered 

in the nuclear industry. Flow boiling is a complex condition, which includes a high temperature 

(above 100 °C), vapor generation (gas bubbling at the solid surface) and a gas- liquid two-phase 

flow [1-3]. It is important to study mass transfer in this condition, as it is associated with a wide 

range of problems in the nuclear industry, such as materials degradation of components, and the 

fouling of heat exchangers and steam generators [4, 5]. For example, when oxygen reduction is 

the primary cathodic reaction, the mass transfer rate of dissolved oxygen under boiling may be 

related to the rate of corrosion in steam generators under operating conditions. The 

electrochemical reactions of the corrosion in a neutral aqueous solution containing dissolved 

oxygen can be written as [6]:   

 

Anodic reaction:                                                                                                     (1.1) 

Cathodic reaction:                                                                                       (1.2) 

 

To understand how the mass transport of oxygen affects stress corrosion cracking rates under the 

operating condition of a steam generator, it is necessary, for the following reasons, to quantify 

the mass transfer rate of dissolved oxygen to the wall under flow boiling:  

(1) The electrochemical corrosion potential (ECP) which is one of the most important factors 

affecting stress corrosion cracking rates  is a function of oxygen concentration at the 
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metal surface. The dissolved oxygen concentration on the surface can be predicted from 

the bulk concentrations only if the mass transfer rate of oxygen is known.  

 

(2) The degradation of the tubing materials of the steam generators under boiling and flow 

conditions is often diffusion controlled, i.e., the rate-determining step is the mass 

transport of dissolved oxygen to the corroding metal surface [7-9].  

Another example to show the importance of quantifying mass transfer under the flowing boiling 

condition is the mass transfer rate of dilute foulant, such as dissolved iron corrosion products. 

The mass transfer rate is very important for predicting the precipitation fouling rate on nuclear 

fuel.  

 

The mass transfer behavior has been widely investigated for stationary single-phase [10-13], 

single-phase flow [14-16] and multiple-phase flow conditions [17-19]. However, no 

experimental studies have been reported in the open literature on mass transfer under the two-

phase flow boiling condition. The lack of experimental data can be attributed to experimental 

difficulties because there is no commercially available facility that can be used for the 

measurements under two-phase flow boiling. It is more challenging to interpret data for two-

phase flow boiling than for single-phase flow condition.  

 

1.2 Methods for mass transfer measurement 

The two most frequently used methods to measure the liquid-solid mass transfer coefficient are 

the dissolution method and electrochemical method [20, 21]. 
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1.2.1 Dissolution method  

 

The dissolution method employs a soluble solid material inside the liquid phase and measures the 

concentration difference of the dissolved material between the inlet and outlet liquid flows. The 

liquid-solid mass transfer value can then be calculated [22]. The mass transfer coefficient can be 

calculated using the following equation [23]:  

 

      
 

   
   [

         

          

]                                                           

 

where k is the mass transfer coefficient; as is the mass transfer area per unit column volume; Q is 

the volumetric liquid flow rate; z is the length of the test section; A is the area for mass transfer 

test section, and Csat, Cin and Cout represent the saturation, inlet and outlet concentrations of the 

dissolved testing material, respectively.  

 

1.2.2 Electrochemical method  

 

The other widely used method for mass transfer measurement is the electrochemical method or 

so-called limiting current method [24]. This method involves measuring the value of the limiting 

current plateau on a current-voltage chart when the electrode reactions proceed at the highest 

possible rate [13]. The electrochemical method includes potential dynamic measurement, which 

changes the potential of the working electrode and records the current signal. This measured 

current presents the rate of electrochemical reaction on the working electrode surface. Figure 1-1 

shows a typical relationship of the measured current and voltage drop. This figure is also called 



 4 

the polarization curve, and it shows how the reaction rate changes with the change of potential of 

the working electrode. The electrode reactions involve two steps: movement of ions from the 

bulk solution to the electrode surface, and the electrochemical reaction occurring at the surface 

of the electrode [25]. When the reaction rate at the interface becomes faster, the ion movement 

becomes the rate-determining step and the ions at the interface are almost completely depleted. 

This is where the limiting current plateau appears and the electrode reactions proceed at the 

highest possible rate. Further increase in potential will not change the current density until the 

equilibrium potential of hydrogen is reached. 
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Figure 1-1. Typical cathodic polarization curve with a limiting current plateau 

 

The mass flux of the ions to the electrode can be related to the measured limiting current density 

using the following relationship [26]: 

Mass transfer 

controlled region 

iL 
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(1.4) 

 

where J is the molar flux; iL is the limiting current density; F is the Faraday constant, 96490 

C/mol and n is the number of electrons transferred per ion [27]. By the definition of the overall 

mass transfer coefficient, k, can be expressed as:  

 

    
 

         
 

(1.5) 

where C0 is the reactant concentration at the interface and Cb is the concentration in the bulk 

electrolyte. The value of the interface concentration, C0, equals zero during our experiment since 

there is no reactant in the interface in the mass transfer controlled reaction region. 

 

In the mass transfer controlled reaction region, the concentration of reacting ion at the electrode 

becomes negligible. Therefore, one only need to consider the bulk concentration [28]. 

Combining equations (1.4) and (1.5) and using the measured limiting current density, iL, the 

overall mass transfer coefficient can be expressed as:  

 

    
  

    

 
(1.6) 

 

Dang-Vu et al. [29] expressed their results in terms of the dimensionless group using the 

following equation: 

 



 6 

              (1.7) 

 

where a, b and c are constants and often determined using the experimental data. Sh is the 

Sherwood number, Re is the Reynolds number, Sc is the dimensionless Schmidt number as 

defined below:  

   
  

 
                                                                                 

   
 

 
                                                                                  

   
  

 
                                                                              

where L is the characteristic length, D is the diffusivity of the reactant, V is the velocity of the 

electrolyte and v is the kinematic viscosity. 

 

However, such relationship Eq. (1.7) may not be valid in the present study since the equation 

does not contain any heat transfer parameter which could vastly affect the mass transfer in the 

flow boiling regime.  

 

The dissolution method is often used to determine an average volumetric liquid-solid mass 

transfer at a certain time period, while the electrochemical method is used to obtain in situ mass 

transfer rates of the electrode specimen based on the ion exchange limit [30]. For the dissolution 

method, the dissolution of copper in an acidic solution is often used to study the liquid-solid 

mass transfer behavior [31]. However, this method may not be able to determine the effect of 

different materials on the mass transfer at the interface because most of the metal materials are 
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not suitable for the dissolution experiment. On the other hand, the electrochemical method could 

allow researchers to investigate the mass transfer behavior as long as the solids are electrically 

conductive. The electrochemical method has become widely accepted for mass-transfer 

measurement in the past several decades [32, 33]. Therefore, for the present study, the 

electrochemical method is being used to measure limiting current under two-phase and boiling 

conditions.  

 

Only limited compounds can be used because the compound requires being chemically stable 

and the suitable electrode potential where a well-defined limiting current plateau appears. One of 

the most important steps in the electrochemical method is to choose an appropriate 

electrochemical system to study mass transfer behavior [12, 34, 35]. Table 1-1 shows some of 

the systems that are often used in the electrochemical method.  

 

Table 1-1. Electrochemical systems used in mass transfer studies  

Electrochemical reactions 
Potential 

(V vs SHE) Supporting electrolyte 
Ref. 

                    +0.401 NaOH [36] 

              +0.337 H2SO4 [37] 

        
               

   +0.360 NaOH [38] 

   
            +0.536 KI [39] 

            +0.799 HClO4 [40] 

               +1.61 H2SO4 [41] 

               - Na2SO4 [42] 
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The top three are the most popular ones: (1) Reduction of dissolved oxygen from a neutral or 

basic solution; (2) Deposition of copper from an acidified copper sulfate solution; (3) Reduction 

of ferricyanide/ferrocyanide from solutions containing an excess of sodium hydroxide or 

potassium hydroxide as the supporting electrolyte. Even these compounds are not exact the same 

compare with the real operating condition. But they can provide good reference for the 

concerned compounds. 

 

The deposition of Cu and Ag are not suitable for this work since it would change the surface 

roughness of the specimen. The oxygen reaction is most suitable for our study since it represents 

the main cathodic reaction in the corrosion process. However, since the concentration of oxygen 

is not likely to be stable under boiling conditions, other stable agents are needed in our study. 

The reaction of potassium ferricyanide/ferrocyanide does not change the electrolyte chemistry 

during the measurement. Potassium ferricyanide/ferrocyanide is one of the best agents to conduct 

mass transfer measurement under boiling conditions. However, because potassium 

ferricyanide/ferrocyanide is a non-volatile compound, the results may not be applicable to the 

volatile compound under boiling conditions. Hydrogen peroxide is a volatile compound that has 

significant interactions with metal surfaces [43-45] and is considered to be corrosive in a 

supercritical water-cooled reactor (SWCR) [46]. Nickchi and Alfantazi [47] measured the 

limiting current for the reduction reaction of hydrogen peroxide up to 200 °C in autoclaves, but 

boiling is not likely to take place continuously in autoclaves. According to the authors’ best 

knowledge, the mass transfer behavior from a bulk electrolyte to a boiling surface was still 

unclear for different compounds.  
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1.3 Mass transfer study under different flow conditions 

1.3.1 Mass transfer study under a natural convection condition 

 

The mass transfer mechanism has been extensively investigated in the last several decades under 

various conditions [15, 48-50]. Selman and Tobias [13] stated that the liquid-solid mass transfer 

had been well studied beginning in 1950s. Fenech and Tobias [10] measured the limiting current 

on the horizontal rectangular cathodes facing upward in CuSO4 and H2SO4 solutions in an 

unstirred cell. They examined the influence of the electrolyte concentration, the distance of the 

electrode to the ceramic diaphragm, and the size of the electrode on the mass transfer. For an 

electrode with a width larger than 20 mm, they proposed a mass transfer equation which includes 

the effect of liquid properties and electrode sizes. Their equation shows that the mass transfer 

coefficient increased with the increasing size of the specimen. Wragg [11] did similar work and 

pointed out some deficiencies of the Fenech and Tobias study [24]. Wragg argued that the 

rectangular-shaped electrode and its position relative to the rectangular cell affected the 

symmetry of the system’s geometry and boundary layer formation. Wragg’s work showed that 

using the distance from the electrode to the diaphragm as the characteristic dimension is not 

appropriate since it has been shown to have no effect on the mass-transfer rates. Wragg et al. [11] 

performed experiments that investigated the free convection mass transfer behavior of upward-

facing horizontal surfaces using the electrochemical technique involving the measurement of 

limiting currents for the deposition of copper on copper electrodes. Wragg et al. gave a 

comprehensive quantitative account of the horizontal surface and free convection ionic mass 

transfer and also provided good correlations for the experimental data.  
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Smith and Wragg [12] employed a limiting current electrolytic technique to measure the rate of 

solid- liquid mass transfer between the electrolyte and vertical arrays of cylinder cathodes. Their 

findings were consistent with the study done by Schultz [51] regarding mass transfer behavior 

for single cylinders. In addition, they found that depending on the geometry and the magnitude 

of the density gradients, either the concentration is the dominating cause in decreasing the mass 

transfer or the enhanced velocity is the dominating cause for increasing the mass transfer. 

 

1.3.2 Mass transfer study under a simulated flow condition  

 

Among many possible experimental methods of simulating flow conditions, the  rotating 

electrode is noteworthy, not only because it affords experimental reproducibility, but it makes it 

possible to use hydrodynamic and mass momentum transfer analogy methods to interpret and 

correlate data [52-55]. 

 

Brunner [56] was the first to study the effect of rotating speed on the rate of mass transfer. He 

found that the diffusion layer thickness decreases with the 2/3 power of the rotational speed. 

Eisenberg et al. [52] claimed that Brunner’s work did not consider neither the rotor diameter nor 

the physical properties affected the mass transfer study. Therefore, they investigated the rates of 

ionic mass transfer at nickel electrodes rotating about their axes in the center of stationary 

electrodes using a ferricyanide/ferrocyanide couple in alkaline solutions. They developed a 

general mass transfer equation, which takes into account the system’s physical properties as well 

as its geometric and hydrodynamic factors. This equation also allows the prediction of mass 

transfer under a wide range of operating conditions.  
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Other researchers have investigated the effect of an electrode’s shape on mass transfer behavior. 

Cobo et al. [57] worked on the experimental study of the ionic mass transport on rotating 

electrodes whose electrochemically active part is an axially placed one-base spherical segment. 

They used the reduction of ferricyanide ions and the electro deposition of copper ions. Based on 

their data, they obtained an equation to express the mass transfer rate as a function of a spherical 

segment electrode with an angle up to 40 and angular velocity of the rotating electrode. 

Filinovsky et al. [58] developed a mathematical approach for the mass transfer behavior of 

platinum and copper double ring electrode systems. The results of their experimental 

measurements of diffusion currents were in accordance with their mathematical calculations. 

Despic et al. [59] studied the mass transfer properties on a rotating disc with a rectangular patch 

electrode. Janssen and Barendercht [60] characterized the rate of mass transfer to a rotating cone 

and ring electrode. Ives et al. [61] studied the cathodic electrode processes which may occur 

during the metallic corrosion in chlorine-treated and untreated seawaters using a rotating gold 

disc electrode system. The overall reduction of free chlorine was controlled by a mass transport 

process.  

 

1.3.3 Mass transfer study in multi-phase flow conditions 

 

Delaunay et al. [17] used the electrochemical technique to measure the overall mass transfer 

coefficients in an upward co-current gas-liquid flow under bubbles flow and surging flow 

conditions. They compared the limiting current of two typical current-potential curves obtained 

with the cathodic reduction of the potassium ferricyanide ions with and without a gas flow. 



 12 

Delaunay et al. observed that the gas phase does not greatly modify the shape of the diffusion 

plateau. The significant decrease of the average conductivity of the solution did not have 

sufficient enough effect on the potential distribution in the solution to explain why the current 

plateau was not observed. Thus, Delaunay et al. concluded that the electrochemical technique, 

which was frequently used for a single-phase flow, was still applicable for a two-phase flow with 

a large range of gas and liquid flow rates. 

 

Latifi et al. [19] investigated the overall liquid-solid mass transfer in a gas-organic liquid flow 

through a packed bed under trickle-flow and liquid-filled column conditions using the 

electrochemical method. They extended the electrochemical technique to measure liquid-solid 

mass transfer rates in an organic medium at a high Schmidt number. Bartelmus [62] measured 

the local solid-liquid mass transfer coefficient in a three-phase fixed bed reactor using the 

limiting current technique. Mass transfer equations for the single phase of a liquid flow, gas 

continuous flow, and pulsed flow regime (with non-continuous gas flow) were obtained.  

 

Wen et al. [18] conducted extensive experimental studies on solid–liquid mass transfer in gas–

liquid–solid three-phase reversed flow jet- loop reactors using the electrochemical method. The 

effects of the liquid jet- flow rate, gas jet- flow rate, particle size, particle density, and nozzle 

diameter on the solid–liquid mass transfer coefficient were evaluated. The results showed that 

the solid–liquid mass transfer coefficients were found to increase when the particle density and 

gas jet- flow rate increased. The mass transfer coefficients were independent of the liquid jet-flow 

rate and particle size, but were slightly dependent on the nozzle diameter.  
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1.4 Mass transfer study under other special conditions 

1.4.1 Mass transfer study under a non-isothermal condition 

 

In addition to normal flow conditions, mass transfer behaviors have been investigated under 

other special conditions such as non- isothermal [63], electric field [64], magnetic field [65, 66], 

and boiling conditions. Grundler et al. [67] designed an electrode capable of  performing electro-

analytical experiments in which a platinum wire electrode inside an aqueous electrolyte solution 

was continuously joule-heated during dc polarization. The proposed symmetrical electrode 

arrangement allowed the measurement of low magnitude electrochemical signals even when a 

high magnitude audio frequency current was used for heating. The schematic diagram of the 

experimental electrode design is shown in Figure 1-2. The two halves of the wire electrode (Fl 

and F2) were soldered and the contacts were sealed with molten paraffin wax. Grundler et al. 

claimed that during heating, a thin layer of melting wax reliably prevented the contact between 

the aqueous solution and electrical connections. A current follower with capacitive feedback was 

connected between the working electrode and the potentiostat to selectively filter the small ac 

component that might still exist. This so-called “hot wire electrochemistry” performed the high 

temperature electrochemical studies that were accessible using the described simple arrangement 

together with standard electrochemical instrumentation. Beckmann et al. [68] used the above 

experimental set-up to perform electro-analytical measurements at elevated temperatures. A thin 

platinum wire with a diameter of 25 μm was directly heated using ac current. The 

electrochemical signal at this wire was measured simultaneously. The limiting currents were 

measured using a cylindrical electrode that was continuously heated due to thermal convection. 

Beckmann et al. found that the limiting currents were independent of the scan rate for the same 
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temperatures. This was in contrast to isothermal conditions where the pseudo- limiting current, 

after changing from a peak to a sigmoidal shape, was never independent of the scan rate at a 

cylindrical electrode [69]. Furthermore, Beckmann et al. [68] have shown that the temperature-

dependence of the limiting currents at heated wire electrodes demonstrated an Arrhenius-type 

behavior, as was expected based on the temperature-dependence of the diffusion coefficient.  

 

Figure 1-2. Cell assembly Fl and F2 are working electrode halves. CE is the counter electrode, 

OAl and OA2 are current-followers and Tr is the transformer [68]. 

Beckmann et al. [70] used directly heated wire electrodes to analyze the temperature-dependence 

of electrochemical reactions. A microelectrode platinum wire with a diameter of 25 μm was 

heated directly in situ using an electric current-generated mass as well as heat energy transport 

phenomena. With continuous heating, a steady-state surface temperature was established as a 

result of thermally promoted convection. Figure 1-3 shows the temperature and concentration 

contours for a wire surface temperature of 80 °C (i.e., no boiling is anticipated). Beckmann et al. 

found that the temperature profile expanded into solution much further than any concentration 

profile that could be generated by electrochemical processes. Most of the compounds diffusion 

was taking place within a fairly limited range of temperatures, on the order of 10 °C. Beckmann 
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et al. found that the Nernst diffusion layer approaches a constant thickness if the temperature 

difference between the bulk and electrode surfaces exceeds 30 °C. As a result, diffusion-limited 

current values of cyclic voltammetry and chronoamperometry were evaluated directly. These 

results appear to be specific to the natural convection at the microelectrode, and are not directly 

relevant to the topic at hand. Since the “hot wire method” used a Pt wire with a diameter of 25 

μm as an electrode, the convection and diffusion behavior may not be applicable to a larger scale 

(diameter around 10 cm), which is not the case in the present study.  

 

 

Figure 1-3. Temperature  and concentration contours for a wire surface temperature of 80 °C [70].  

 



 16 

1.4.2 Mass transfer study under a boiling condition 

 

Brusakov [71] studied the deposition of materials onto heat-transfer surfaces due to 

thermoelectric effects. He stated that thermoelectric effects occur in a temperature gradient-

generated electric field with systems containing charged colloidal particles. He managed to 

create an electric field caused by positively charged particles to deposit on heated surfaces. In his 

study, thermoelectric coefficients for the systems of interest ranged from 0.2x10-3 to 1.5x10-3 

V/°C. He concluded that thermoelectric effects could affect both transport and attachment and 

proposed the following equation to transport particles, which takes into account the 

thermoelectric effects: 

   
     

 
                                                                         

where ε∞ is the thermoelectric coefficient under steady heat flux and no convection; u is the 

electrophoretic mobility of particles; Cp is the specific heat and λ is the thermal conductivity.  

 

Wragg and Nasiruddin [72] published a relevant work on mass transfer rate under boiling 

conditions. They measured mass transfer on heated surfaces using the electrochemical method. 

Surface temperatures ranged from 11°C to 125°C at atmospheric pressure. The experiments were 

carried out using copper disc electrodes with diameters between 2 and 51 mm and a copper 

sulphate solution with concentrations ranging from 0.005 to 0.15 mol/L. The supporting 

electrolyte was 1.5 mol/L sulphuric acid.  The electrochemical reaction studied was: 

 

Reduction at the cathode                                                                                    (1.12) 
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Oxidation at the anode                                                                                       (1.13) 

    

 

 

Figure 1-4. Current-potential curves at different temperatures (a) without nucleate boiling and (b) 

with nucleate boiling. A bulk temperature is 11°C [72]. 

 

There was no flow or mixing of the solution and the cathode was heated using an epoxy-coated 

resistance wire. The bulk temperature was adjusted to 11°C and controlled using a cooling coil. 

The limiting current was measured for different temperature gradients, electrode diameters, a nd 

solution concentrations. The limiting current plateaus at temperatures below the onset of the 

nucleate boiling on the surface are shown in Figures 1-4 (a) and (b). It can be seen that for 

temperatures where nucleate boiling occurred, a limiting current plateau was not observed at 

125°C. 

 

(a) (b) 
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For each current-potential curve, the temperature was taken at the electrode surface. It was 

concluded that the mass-transfer rate under boiling conditions could not be measured using this 

experimental technique due to the intense local turbulence at the electrode-solution interface 

caused by bubble nucleation, growth, movement, and collapse. The paper did not explore the 

possibility that it might be necessary to employ mass transfer rates under a boiling condition with 

different types or concentrations of the electro-active compounds. Also, this paper did not 

discuss the possible error of electrochemical measurement generated by the electrical heating 

method.  

 

Sarac and Wragg [73] later constructed another set-up to investigate the mass transfer in the 

presence of simultaneous subcooled boiling conditions. A vertical nickel rod with a 

thermocouple inserted into its center and an electrical connection screwed into it was used as the 

working electrode. The boiling was obtained by quickly and fully immersing the preheated 

nickel rod in a static pool of ferri-/ferrocyanide NaOH solution. The experiments were carried 

out for the combination of the subcooling temperature and electrolyte concentration. Sarac and 

Wragg found that in the nucleate boiling regime, the variation of the mass transfer coefficient 

with a temperature difference between the electrode and electrolyte showed similar trends to the 

variation of heat transfer with a temperature difference. However, Sarac and Wragg only took 

measurements in a limited time period (within 10s), and the temperature of the rod was changing 

even within this short period. The experimental data would have been more reliable if the 

experimental conditions had been stable.   
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1.5 Background of mass transport correlations 

1.5.1 Mechanism of mass transport under forced convection  

 

There have been extensive studies on determining the heat and mass transfer rates in pipe flow. 

Many correlations have been developed for forced convection, turbulent, liquid-only flow 

conditions [16, 48, 74]. Many mass transfer correlations are developed using the heat transfer 

correlation because of the similarity between the heat and mass boundary layers [75].  For a 

Reynolds number higher than 10000 and a Prandtl number between 0.7 and 160, the Nusselt 

number can be calculated using the following Dittus-Boelter equation [76]: 

 

                   (1.14) 

 

Where the Nusselt number, Nu, and Prandtl number, Pr can be defined as [77]:  

 

   
  

 
                                                                                 

   
   

 
                                                                                 

where h is the heat transfer coefficient and μ is the dynamic viscosity.  

The heat transfer coefficient, h, can be calculated using the following equation [77]: 
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The heat transfer calculations can then be related to mass transfer calculations using the Chilton-

Colburn analogy where the Prandlt number is replaced with the Schmidt number to calculate the 

Sherwood number. However, the following assumptions must be made before the analogy can be 

applied [77]: 

- The variation of the fluid physical properties with concentrations in the mass-transfer 

system must be equivalent to the variation of the physical properties with temperature s in 

the heat-transfer system. 

- The mass flux of the solute must be small enough that the fluid velocities induced by the 

mass-transfer itself are negligible compared to the externally imposed velocities. 

- The kinetic energy of the flow must be negligible compared with the enthalpy differences 

within the flow. 

- The flow velocity must be lower compared to the speed of sound; otherwise temperature 

gradients will occur where there are changes in pressure. 

- Boundary conditions must be equivalent for both heat and mass transfer systems. 

- Heat transfer by nucleate boiling must be excluded. 

Once these assumptions are made, the Sherwood number can be calculated using the same form 

used in Equation 1.7, as the following relationships show [77]: 

 

                                                                    (1.18) 

 

The mass transfer coefficient can then be calculated using Eq. (1.8). 
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1.5.2 Mechanism of boiling phenomenon 

 

The physical boiling phenomenon is already well developed and the heat transfer behavior for 

different boiling regions has been well studied [9, 78, 79]. Rohsenow [80] studied the transport 

of heat under boiling conditions. Figure 1-5 shows the heat flux as a function of temperature for 

different regimes of boiling. The boiling curve was divided into six regions. Regions 2 and 3 are 

in the scope of the current investigation because nucleate boiling occurs in these two regions. A 

mass transfer under boiling is likewise expected to depend on the boiling regime (i.e., the 

position on the boiling curve below). 

 

Figure 1-5. Typical Pool Boiling Curve [80] 

Hsu and Graham [81] examined three basic modes of boiling: nucleate boiling, transition boiling 

and film boiling. Nucleate boiling was characterized by the formation of bubbles at nucleation 

centres where the vapour phase developed with less free energy required than that in the bulk. 
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Three models of nucleate boiling were discussed, with each model having a dominant heat-

transfer mechanism. The mechanisms proposed were bubble agitation, vapour-liquid exchange, 

and evaporative. A schematic of each mechanism is shown in Figure 1-6. Hsu and Graham 

hypothesized that heat transfer during nucleate boiling is composed of all the mechanisms with 

each mechanism dominating in a certain area fraction and/or time fraction. 

 

 

Figure 1-6. Diagram of heat transfer mechanisms in boiling. (a) Bubble agitation model; (b) 

Vapour-liquid exchange mechanism; (c) Evaporative mechanism [81]. 
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1.5.3 Examing the similarity of a gas evolution electrode and a boiling electrode 

 

The mass transfer behaviour for the gas evolution electrode was investigated [82-84] and it was 

proven that there were similarities between the gas evolution electrode and the boiling electrode. 

Voght et al. [85] examined the analogy between the gas evolution during electrolysis and boiling 

at a solid surface. They noted that the two processes fell into different scientific and 

technological fields and, therefore, the analogy was not recognized. The analogy was found to be 

rational and beneficial because more data were available for boiling than for electrolytic gas 

evolution. Figure 1-7 shows a schematic of the Voght et al. proposed comparison of the two 

processes. They stated that in an electrolytic process, at least two mass transfer processes are 

interconnected, namely that of the reaction substrate(s) transport to the electrode surface and the 

reaction product(s) transport away from the surface. The analogy was limited because of the 

different physical nature of the two processes. The gas evolution in electrolytic processes was 

found to begin at volumetric (or molar) gas fluxes approximately six orders of magnitude lower 

than those at the nucleate boiling. In electrolysis, the bubble break-off diameter strongly depends 

on surface wettability and fluid surface tension, both of which depend strongly on surface 

charges and the electrode potential. The upper limit for bubble generation in electrolysis (about 

0.05 m/s for hydrogen evolution from 25°C water at atmospheric pressure) was found to be only 

about 5% of the corresponding value of the critical heat flux. Voght et al. assumed that the 

process that would be analogous to post-dry-out film boiling does not exist in electrolysis. In 

boiling, microconvection tended to be the prevailing mode of heat transfer over the region of 

steam bubble generation. In electrolysis, microconvection was the dominant mode of mass 

transfer only in the upper practical range of application. 
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Figure 1-7. Comparison of the processes of bubble generation in nucleate boiling (upper part) 

and generation of gas in an electrochemical process (lower part) [85]. 

 

Kim [86] presented a review of recent experimental, analytical, and numerical work for the 

single bubble heat transfer. The proposed mechanisms of heat transfer during boiling were 

enhanced convection, transient conduction, microlayer evaporation, and contact line heat 

transfer. In this study, boiling was described as a process in which mass, momentum, and energy 

transfer (single and two-phase) involving a solid wall, liquid, and vapour were tightly coupled. 

The mechanisms through which energy was transferred from the wall are shown in Figure 1-8. 

The heat transfer models reviewed were the transient conduction model, micro-layer heat 

transfer model, and contact line heat transfer model. The experiments reviewed included micro-

heater array data, micro heat flux sensor data, liquid crystal data, and infrared camera data. It was 

concluded that the dominant mechanism by which heat was transferred by isolated bubbles 
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during boiling was transient conduction and/or microconvection, and that heat transfer through 

micro- layer evaporation and contact line heat transfer did not account for more than 

approximately 25% of the overall heat transfer. 

 

 

Figure 1-8. Bubble heat transfer mechanisms [86]. 
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1.6 Summary of present research status 

 

This chapter mainly discussed the current status of both experimental and theoretical mass 

transfer studies under different experimental conditions. Mass transfer behavior was widely 

studied under various operating conditions for different applications. Results showed that the 

mass transfer is an important issue for all different processes, such as chemical reactions, 

fouling, corrosion, and material degradation. However, the experimental study of mass transfer 

on a boiling surface under a flow boiling condition has not been reported due to experimental 

difficulties and the lack of an experimental measurement facility.  

 

Analogies such as the Chilton-Colburn analogy exist between mass transfer and heat transfer 

theories based on the boundary layer similarities. However, the boundary layer breaks down 

during bubble nucleation and departure. Therefore, the Chilton-Colburn analogy does not work 

for mass transfer behavior under boiling conditions. Furthermore, researchers have tried to 

connect boiling with the gas evolution electrode, but the result has not been quite satisfactory. 

Therefore, there is still a knowledge gap both theoretically and experimentally for the mass 

transfer on boiling surfaces under flow boiling conditions. 

 

1.7 Objectives and structure of thesis 

 

In order to improve the understanding of the fundamental phenomenon of mass transfer under 

flow boiling condition, the objectives of this study are to experimentally determine the mass 

transfer coefficient and to investigate the effect of bubbles under boiling conditions on the mass 
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transfer of concerned compounds in a two-phase flow under boiling conditions. To fulfill this 

objective, it is necessary to design and construct a novel experimental device that could allow 

direct electrochemical measurements on the boiling surface under flow boiling conditions.  

 

Due to the challenges of the project, the mass transfer behavior will be studied in three phases: 

Phase I, the mass transfer rate, will be measured under bulk boiling conditions using an existing 

rotating cylinder electrode system; Phase II, the pool boiling condition, will use a homemade 

pool boiling setup; and Phase III, the two-phase flow boiling condition, will use a novel flow 

boiling loop device. The structure of this thesis is arranged according to the above order: 

Introduction (Chapter 1), Phase I (Chapter 2), Phase II (Chapter 3), Phase III (Chapter 4), and 

Conclusion and future works (Chapter 5). 
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Chapter 2 Phase I -- bulk boiling condition 

 

2.1 Introduction 

 

One of the most successful methods for measuring the mass transfer is the electrochemical 

method (the limiting current technique) which makes use of limiting current plateau at a voltage-

current chart when the electrode reactions proceed at the highest poss ible rate [1-3]. This 

technique has been employed more frequently in the last several decades due to its fast data 

acquisition as well as the capability of quantifying both local and average mass transfer 

coefficients [1, 4]. The electrochemical method has been successfully used to investigate mass 

transfer behavior under conditions with no forced flow [5-7], single-phase flow [8-10] and multi-

phase flow [11-13]. However, there are very limited experimental studies to examine mass 

transfer behavior at boiling condition using electrochemical method. Wragg and Nasiruddin [14] 

investigated the mass transfer behavior of cathodic deposition of copper from cupric sulphate 

solutions using electrochemical method under pool boiling condition. The electrode was heated 

from room temperature to 125 °C at which the mass transfer behavior at the nucleate boiling 

regime was examined. However, they found that under the boiling condition, the limiting current 

value could not be quantified due to the intense local turbulence at the electrode-solution 

interface caused by bubble nucleation, growth, movement and collapse. One of the reason could 

be the electric heating method they used effect the electrochemical measurement, this problem 

have been solved in the present study by the oil heating method. 
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Among many possible experimental techniques for generating flow condition, the rotating 

electrode is notable because of its high reproducibility and imitation of the hydrodynamic 

conditions as well as mass transfer analogy for the interpretation and correlating to the 

experimental data [15-17]. Eisenberg et al. [15] investigated the rates of ionic mass transfer at 

nickel rotating electrode using the ferri- and ferrocyanide redox couple in alkaline solutions. All 

experiments were conducted at 25 °C. They proved that ferri- and ferrocyanide couple could be 

used to study mass transfer and such electrode reactions could be considered to remain 

predominantly mass transfer control for the Reynolds number of Re ≤ 11,000. Abdel-Aziz et al. 

[18] studied the rates of mass transfer using an electrochemical method of the square cylinder 

rotating electrode. They used 0.01 M K3Fe(CN)6 + 0.1 M K4Fe(CN)6 redox couple in 1 M, 2 M, 

and 3 M NaOH solutions. The electrolyte temperature for all their experiments was kept constant 

at 25 °C. The rate of mass transfer at the square-rotating electrode was found to be higher than 

that at the traditional circular rotating electrode by an amount ranging from 47% to 200%.  

 

Limited information is available in the literature regarding the experimental work on mass 

transfer controlled materials degradation under the conditions of pool boiling and flow boiling. 

The lack of experimental data may be attributed to the fact that performing the preferred 

measurements under flow boiling is difficult. In addition, the interpretation of the limited data 

may be complex and challenging compared to the single-phase data.  

 

The objectives of this chapter are to determine the mass transfer rates of dissolved oxygen using 

rotating cylinder electrode and to investigate the effects of rotating speed and dissolved oxygen 

concentration on the mass transfer behavior for the approaching to boiling and bulk boiling 
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conditions. Additionally, the mass transfer rates will also be measured for the reduction of 

ferricyanide ion to ferrocyanide under above conditions to confirm the mass transfer rates of 

dissolved oxygen. 

 

2.2 Experimental setup  

 

The schematic of the experimental set-up is shown in Figure 2-1. A Modulated Speed Rotator 

(Pine Instrument Co.) is used to vary the rotating speed (from 100 rpm to 3300 rpm). A cylinder 

(external diameter 12 mm, inside diameter 6 mm, height 8 mm) made of 304 stainless steel (C < 

0.08%, Cr 17.5-20%, Ni 8-11%, Mn < 2%, Si < 1%, P < 0.045%, S < 0.03%) is used as the 

rotating specimen. A platinum coil (the circle diameter is 60 mm) around the specimen is used as 

the counter electrode. An Ag/AgCl reference electrode (Fisher Scientific) with operating 

temperature range from -5 °C to +110 °C is utilized to provide stable reference potential. The 

reference electrode potential was converted to Standard Hydrogen Potential (SHE) by the Eq. 

C.1 and C.2. The temperature of the electrolyte is controlled using external oil circulating bath 

(Cole-Parmer PolyStat Co.), in the temperature range of 20 °C to boiling point (99.8 °C). A 

condenser is used to condensing the evaporated water back to the electrolyte. This setup allows 

us to simulate the flow condition and to examine enhanced mass transfer under the flow and bulk 

boiling conditions. 
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Figure 2-1. The experimental set-up. 

 

2.3 Experimental procedure  

 

Before each test, the specimens were polished using grit 600#, 800# and 1200# sand papers and 

rinsed with distilled water followed by ethanol, then air dried in a fume hood. The specimens 

were treated by cathodic polarization in the test solution for 20 min at -0.80 mV vs. standard 

hydrogen electrode (SHE) before each polarization measurement at various temperatures. The 

test solution, which behaves as a supporting electrolyte was prepared using distilled water and 

analytical grade NaOH. The solution pH is 12.5 at room temperature. The electrolyte solution 
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was continuously purged with ultra-high purity gas mixture containing 1%, 5%, 10% and 20% 

by volume oxygen to maintain a constant dissolved oxygen concentration in the test solution. 

Since it is difficult to measure the dissolved oxygen concentration under elevated temperatures. 

The dissolved oxygen concentration in the electrolyte was determined using Henry’s law [19, 20]. 

It was essential that the partial pressure of water was included in calculations of the dissolved 

oxygen concentration in the electrolyte solution. The physical properties of the supporting 

electrolyte as a function of temperatures are given in Table 2-1. [21, 22].  

 

Table 2-1. Viscosity, density and dissolved oxygen diffusivity in 0.1 M NaOH aqueous for 

solution temperatures range between 20 – 80 °C [21, 22]. 

Temperature (°C) Viscosity (m2/s) Density (kg/L) Diffusivity (m2/s) 

20 9.9712×10-7 1.0029 1.7601×10-9 

40 6.7198×10-7 0.9971 2.7923×10-9 

60 4.7570×10-7 0.9880 4.0010×10-9 

80 3.6873×10-7 0.9763 5.3079×10-9 

 

For the measurements of the reduction of ferricyanide ion to ferrocyanide, the concentrations of 

the potassium ferro- and ferricyanide electrolyte were both 10 mM. The supporting electrolyte 

was the same as that of the dissolved oxygen reaction. The electrolyte solution was continuously 

purged with ultra high purity Argon for 1 h to eliminate dissolved oxygen in the test solution. For 

the electrolyte temperature range of 20 - 100 °C, the diffusivities of ferricyanide were found to 

be in the range of 6.45×10-10 to 2.83×10-9 m2/s [23]. 
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A SI 1287 Electrochemical Interface (Solartron Analytical Co.) was used as a potentiostat to 

conduct the electrochemical measurements. The potential scanning rate was selected to be 2 

mV/s for the cathodic polarization measurements.  

 

The mass transfer coefficient of the reactant species, k, and the Sherwood number, Sh, were 

calculated using the Eq. (1.6) and Eq. (1.8): 

 

The uncertainty in the experimentally determined mass transfer coefficient was calculated using 

the method described by Coleman and Steel [24] and Holman [25]. The uncertainty in the 

experimentally determined mass transfer coefficient based on experimental errors in the 

measured limiting current density,    
, and bulk ion concentration,    

, was calculated by  

                                            (2.1)  

 

where 
Li

 is the total error in the measured limiting current density. The value of 
Li

  was 

calculated from the sum of the systematic (accuracy) and random (precision) errors of the data. 

The accuracy error comes from the maximum error in the measuring device. The limiting current 

measurements have error of ±0.3%. The precision error was obtained directly from the standard 

deviation, s , of the measured values. To determine the precision error, Coleman and Steel [24] 

stated that when the number of data points for one time series is equal to or greater than 10, two 

times the standard deviation gave a good approximation for the ±95 % confidence interval. 

Therefore, the total error in the measured limiting current was calculated by  
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                                    wiL =± 0.003iL +2s iL( )                                                       (2.2) 

 

Similarly, the total error in the bulk ion concentration, wCb
, was assumed to be only due to error 

in the preparation of electrolyte solution, which was assumed to be 4 %. Therefore, the total error 

in the bulk ion concentration was obtained by 

  

                                           bC C
b

04.0                                                        (2.3) 

 

2.4 Results and discussion  

2.4.1 Mass transfer behavior of dissolved oxygen under the below boiling condition 

Figures 2-2 (a) and (b) show the typical polarization curves and the experimentally obtained 

mass transfer coefficients for 0.1 M NaOH electrolyte containing 8.83 ppm of dissolved oxygen 

at a constant temperature of 20 °C. The calculated dissolved oxygen value is confirmed by the 

measurement in room temperature. The rotational speed was varied from 100 rpm to 3300 rpm. 

The mass transfer coefficient was calculated using the measured value of iL obtained from the 

plateau part of Figure 2-2 (a). In this system, the first reaction involved is the reduction reaction 

of dissolved oxygen. It can be observed from Figure 2-2 (a) that there is a clear current plateau 

for all rotating speeds between potentials of -0.85 and -1.10 V (SHE) where the reaction rate is 

controlled by the mass transport of dissolved oxygen from bulk solution to the solution/electrode 

interface. The other reduction reaction taking place is the hydrogen evolution which is dominant 

at potentials below -1.20 V (SHE): 
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                                                                  (2.4) 

 

The hydrogen reduction reaction shown above is not a mass transfer controlled reaction, since 

there are always sufficient water molecules available for the reaction [26]. It is clear from 

Figures 2-2 (a) and (b) that the limiting current density value and the mass transfer coefficient 

increase with the increasing rotating speed. This indicates that the mass transfer controlled 

reaction rate increases with rotating speed. According to Nernst-Planck flux equation [27], the 

mass flux of reactive species can be expressed as: 

 

           (
   

  
)                                                         

 

Combining the definition of mass transfer coefficient Eq. (1.5) with Eqs. (1.6) and (2.5), the 

value of the limiting current density can be expressed as: 

 

                (
     

  
)                                             

 

As shown in Eq. (2.6), the limiting current density value is a combination of three factors: The 

first is the convective contribution driven by motion of the electrolyte; the second factor is the 

diffusion caused by concentration gradient and the third is the electromigration due to the 

electrical field [27]. When the rotating speed increases, the diffusivity value does not change at 
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the same temperature. Also, the third factor is eliminated by the supporting electrolyte. Therefore, 

the first factor which is the convection factor of total mass transfer increases; thus the mass 

transfer of dissolved oxygen increases. These results shown in Figures 2-2 (a) and (b) are in 

agreement with those obtained by Gareth et al. [28].  
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Figure 2-2. The typical cathodic polarization curves (a) and mass transfer coefficient for various 

rotating speeds (b) at 20 °C and dissolved oxygen concentration 8.83 ppm. 
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The limiting current densities were also measured for various dissolved oxygen concentrations 

and electrolyte temperatures. The experiments were conducted for electrolyte temperatures of 

20°C and 60°C while the rotating speeds were varied between 100 to 3300 rpm. Figures. 2-3 (a) 

and (b) show the measured limiting current density as a function of dissolved oxygen 

concentration for the electrolyte temperatures of 20°C and 60°C, respectively. It can be seen that 

the limiting current density values decrease with the decreasing dissolved oxygen concentrations 

at both electrolyte temperatures and all rotational speeds. This was expected because decreasing 

dissolved oxygen concentration reduced the reaction rate of oxygen reduction.  
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Figure 2-3. Liming current density vs. dissolved oxygen concentrations at 20 °C (a) and 60 °C 

(b) at the different rotating speeds, respectively. 

Figures 2-4 (a) and (b) show the measured mass transfer coefficients as a function of dissolved 

oxygen concentrations for electrolyte temperatures of 20 °C and 60 °C, respectively.  It can be 

observed from Figure 2-4 (a) that the mass transfer coefficient remains relatively constant until 

the dissolved oxygen concentration reaches to 2.21 ppm level. However, the mass transfer 

coefficient increases when dissolved oxygen concentration decreased below 2.21 ppm level. The 

reason could be that the diffusivity of dissolved oxygen is independent of its concentration 

before the concentration reached a critical level where the concentration could start having 

significant effect on diffusivity after the critical level [29]. This critical level is dependent on the 

solution temperature. Figure 2-4 (b) confirms the above argument. When the electrolyte solution 

temperature increased to 60 °C, the mass transfer coefficient still increased at the critical 

concentration of dissolved oxygen lower than 1 ppm. The mass transfer coefficient increases 

with the decreasing of dissolved oxygen concentration due to the changes in diffusivity.  
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Figure 2-4. Calculated mass transfer coefficient vs. dissolved oxygen concentrations at 20 °C (a) 

and 60 °C (b) at the different rotating speeds, respectively. 

 

To describe the mass transport behavior of dissolved oxygen for a rotating cylinder system at 

elevated electrolyte temperature without bulk boiling, the experimental data below boiling point 



 47 

were expressed in terms of Sherwood, Sh, using Eq. (1.8) and was correlated with the product of 

Reynolds, Re and Schmidt, Sc numbers. A correlation was developed using a nonlinear regression 

algorithm in conjunction with the physical properties given in Table 1 in the following form:  

 

                                                                (2.7) 

 

Figure 2-5 shows the comparison of the predicted Sherwood, Sh, values obtained using Eq. (2.7) 

and the values experimentally measured. The figure includes a total of 72 data points and most of 

the data points are within 15% error. This equation is valid in the ranges of           

                                          and Cb > 1 ppm and includes the effects 

of temperature, the dissolved oxygen concentration and diffusivity of dissolved oxygen.   
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Figure 2-5. Comparison of experimental and predicted Sherwood numbers for dissolved 

oxygen mass transfer at temperatures below boiling. 
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2.4.2 Mass transfer behavior of dissolved oxygen under bulk boiling condition 

For mass transfer rate measurements under the bulk boiling condition, the electrolyte solution 

was heated using an external oil-heating bath. To reach bulk boiling condition, the circulating oil 

in the heating bath was heated up to 150 °C. Figures. 2-6 (a) and (b) show photographs of the 

boiling rotating electrode system. Since the electrolyte solution was heated above the boiling 

point, the bubbles were generated from any nucleation sites inside the reactor, i.e., on the surface 

of reactor wall and on the cylinder electrode. A few bubbles were also generated inside the 

solution. 

 

         

(a)                                                                              (b) 

Figure 2-6.  Photograph of rotating cylinder electrode system under bulk boiling electrolyte 

condition. (a) The electrochemical cell and (b) the cylinder electrode. 

 

Figure 2-7 shows the polarization curves for the reduction of dissolved oxygen reaction under 

boiling conditions for the inlet oxygen to argon ratios up to 20 vol%. It can be observed that even 
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under boiling conditions, the inlet oxygen to argon ratio still influences the polarization curve. 

Increasing the oxygen to argon ratio resulted in the increase in the current density values, which 

corresponded to a higher oxygen reduction reaction rate. This implies that the dissolved oxygen 

concentration had a distinct impact on the reaction rate under bulk boiling conditions, although 

there are no clear plateaus as shown in Figure 2-7. 
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Figure 2-7. Polarization curves obtained in bulk boiling electrolyte (99.8 °C) for the different 

inlet oxygen/argon ratios at constant rotating speed of 500 rpm. 

 

Figure 2-8 presents the polarization curves obtained under boiling conditions. For these sets of 

data, the inlet oxygen to argon ratio was kept constant at 5 vol% but the rotating speeds varied 



 50 

from 100 rpm to 3300 rpm. It can be seen that unlike in previous conditions shown in Figure 2-2 

(a), the rotating speed has little effect on polarization curves under these boiling conditions. 

Therefore, it could be concluded that the oxygen reduction reaction under the boiling electrolyte 

condition appeared not to be entirely mass transfer controlled. The reason could be that the 

oxygen concentration was very low (at the ppb level) and unstable due to bubble generation and 

rupture in the boiling electrolyte solution. Therefore, the current density was relatively low in 

this condition (in a range of 10-4 A/cm2) and the dynamic system fluctuations could also affect 

the results. Furthermore, under boiling electrolyte condition, the dissolved oxygen in the bulk 

solution could be carried over to the vapor phase and when the vapor bubbles collapsed on the 

working electrode, the oxygen could return back to the electrolyte solution, which increased the 

local oxygen concentration near the electrode and electrolyte interface. Thus, the interface 

concentration of dissolved oxygen could not reach to zero where the limiting current plateau 

appeared. Therefore, the regions of activation-controlled reaction extended and the region of 

mass transfer controlled reaction region could not be reached. From Figures 2-7 and 2-8, it could 

be concluded that under bulk boiling electrolyte conditions, the mass transfer of dissolved 

oxygen could not be measured using the limiting current method because of the changes in 

dissolved oxygen concentrations.  
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Figure 2-8. Polarization curves obtained in boiling electrolyte (99.8 °C) with the inlet 

oxygen/argon ratio of 5 % and at the different rotating speeds. 

2.4.3 Mass transfer behavior of ferricyanide under below boiling condition 

 

Due to its volatile nature, the concentration of dissolved oxygen changes with changing 

electrolyte temperature. In order to eliminate this effect, another non-volatile species, 

ferricyanide, was utilized to investigate mass transfer under the below boiling and the bulk 

boiling conditions. The electrochemical reaction of ferricyanide is shown below 

 

        
               

                                                   (2.8) 

 

This electrochemical system is proven to have a good chemical stability which provides long and 

well defined limiting current plateaus [1]. The anodic reaction of this system is the reverse 
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reaction of Eq. (2.10). Therefore, the total concentration of reaction species in the electrolyte 

does not change during the non-boiling experiment. Also, unlike the deposition of Cu, which is 

another widely used electrochemical system to determine mass transfer [30], the reaction of 

ferricyanide would not change the condition of the specimen surface during the reaction.  

 

Figure 2-9 shows the experimentally determined mass transfer coefficients as a function of 

electrolyte temperature for various rotating speeds. The temperature of the electrolyte was varied 

between 20°C to 80°C and rotating speed range was from 100 to 3300 rpm. It can be observed 

that for any given electrolyte temperature, the mass transfer coefficient increases with increasing 

the rotating speed. As the rotating speed increases, the flux of electro active species to the 

surface of the electrode increases due to convection and hence the mass transfer coefficient 

increases. These trends are in agreement with those obtained by Kovatcheva et al., [31]. Figure 

2-9 also shows that the mass transfer coefficient increases with increasing the electrolyte 

temperature. This is because the liquid has more internal energy at the higher electrolyte 

temperature and the molecules move faster. Consequently, the diffusivity of ferricyanide 

increases with temperature, which leads to an enhanced mass transfer coefficient [32]. 
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Figure 2-9. Mass transfer coefficient vs. temperature at the different rotating speeds for 

ferricyanide ions. 

2.4.4 Mass transfer behavior of ferricyanide under bulk boiling condition 

 

Due to the unstable concentration of dissolved oxygen, the mass transfer behavior under the bulk 

boiling condition was investigated using the ferricyanide reaction, which provided a stable 

concentration of reactant under the bulk boiling condition. The cathodic polarization curves and 

the experimentally obtained mass transfer coefficients for the reduction reaction of ferricyanide 

are shown in Figures 2-10 (a) and (b).  
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Figure 2-10. Cathodic polarization curves (a) and mass transfer coefficient (b) for reduction of 

ferricynide reaction obtained in bulk boiling electrolyte at different rotating speeds.  
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Figure 2-10 (a) shows that unlike the oxygen reaction as shown Figures 2-7 and 2-8, clear 

current density plateaus are obtained for this reaction, which indicates that the reaction of 

ferricyanide could reach the mass transfer controlled region even under the bulk bo iling 

condition. As expect, the measured mass transfer coefficient increases as rotating speed increases 

as shown in Figure 2-10 (b).  

 

The question might arise of whether ferricyanide could mimic the mass transfer behavior of 

dissolved oxygen under bulk boiling condition. Figure 2-11 shows a comparison between the 

predicted values and the experimentally determined mass transfer coefficients, k, obtained using 

the ferricyanide reactions. The predicted values were calculated using Eq. (2.7) in which only 

dissolved oxygen reduction data under the solution temperature between 20 °C and 80 °C were 

considered. It can be seen that Eq. (2.7) not only represented the experimental data obtained for 

the ferricyanide reaction at temperature between 20 °C and 80 °C but also was able to predict the 

experimental data at just below the boiling point (99 °C) within an error range of 15 %. 

Therefore, Eq. (2.7) proves to be suitable for the oxygen reaction and is capable of predicting 

other non-volatile species, from room temperature up to just below the boiling point. This study 

also confirms that the ferricyanide reaction could be used to study dissolved oxygen behavior 

when the dissolved oxygen concentration was not stable such as under a bulk boiling condition. 

However, Figure 2-11 also shows that the experimental data obtained under boiling condition 

could not be represented well using Eq. (2.7). The experimentally determined mass transfer 

coefficients under the boiling condition are, on average, 38 % higher than those obta ined just 

below boiling point due to the generation and rupture of boiling bubbles in bulk solution.  This 
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indicate that the conventional correlations generated from non-boiling condition are not 

applicable in boiling conditions. 
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Figure 2-11 Comparison of the experimentally determined and predicted mass transfer 

coefficient obtained using ferricyanide reactions. 

 

2.5 Conclusions 

 

The mass transfer behaviors of the dissolved oxygen and ferricyanide ions on the rotating 

cylinder electrode were investigated under the conditions of approaching to boiling and bulk 

boiling for various dissolved oxygen concentrations and different rotating speeds. The following 

conclusions were obtained:  
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1) Below boiling electrolyte temperatures, the mass transfer coefficients for both dissolved 

oxygen reduction and ferricyanide ion were found to increase with the increasing 

electrolyte bulk temperature and rotating speed.   

 

2) After the electrolyte was heated to bulk boiling condition, the limiting current plateau for 

oxygen reduction reaction was not observed due to the unstable and very low 

concentration of dissolved oxygen. However, a distinct current plateau was obtained for 

the reduction reaction of ferricyanide reaction.  

 

3) It was found that a mass transfer correlation developed using dissolved oxygen reduction 

could be used to predict the mass transfer behavior for the ferricyanide reaction from 

room temperature up to the temperature just below the boiling point. This indicated that 

the ferricyanide reaction could be used to predict dissolved oxygen reduction at elevated 

electrolyte temperatures. It was also found that the mass transfer rates obtained under the 

bulk boiling condition was 38% higher than those obtained just below boiling point due 

to the generation and rupture of the boiling bubbles.  
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Chapter 3 Phase II -- pool boiling condition 

 

For Phase II study, a novel pool-boiling device was designed to measure the mass transfer 

behavior. This device enabled us to conduct direct electrochemical measurement on nucleate 

boiling surface.  

3.1 Introduction 

 
The mass transfer of dilute species on a nucleate boiling surface plays an important role in 

fouling, corrosion and materials degradation [1]. The mass transfer rate of dissolved oxygen is 

related to stress corrosion cracking of heat exchange tubing in recirculating steam generators [2, 

3]. The mass transfer of some dissolved irons on a nucleate boiling electrode is critical to the 

fouling problems of thermal power plants [4, 5]. The corrosion control of reboilers is dependent 

on the mass transfer rate of corrosion inhibitors to the boiling surface [6].  

 

Heat and momentum transfer under boiling conditions has been extensively studied [7, 8], but 

there is little experimental work for mass transfer of dilute species on nucleate boiling surface 

due to the experimental difficulties [9]. Wragg and Nasiruddin [10] attempted to investigate the 

mass transfer behavior of copper ions from the bulk solution to a subcooled boiling surface using 

the electrochemical method. They found that the measurements could not be done at the 

electrode-solution interface due to the intense local turbulence caused by bubble nucleation, 

growth, movement and collapse during boiling. Sarac and Wragg [11] later constructed a setup to 

investigate mass transfer in the presence of simultaneous subcooled boiling. The boiling 
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phenomenon of this experiment was obtained by quickly and fully immersing a preheated nickel 

rod in a static pool of ferricyanide/ferrocyanide NaOH solution. They found that in the nucleate 

boiling regime, the variation of mass transfer coefficient with temperature difference between 

electrode and electrolyte showed similar trends to that of heat transfer with temperature 

difference. However, their measurements were taking place within a limited time period (10 s). 

Their experimental data showed that the specimen temperature was changing during this short 

time period. It can be seen that their experimental data would have been more reliable if the 

experimental conditions were more stable.  

 

A few other researchers attempted to build a relationship between gas evolving surface and 

nucleate boiling surface [9, 12]. Vogt el al., [13] reviewed the analogies and pointed out that the 

existing analogy is restricted to the transfer of the dissolved gas due to reaction on the electrode 

and the transfer of energy caused by heating of the surface. They also concluded that the analogy 

was difficult to be extended to reactant transferred from the liquid bulk to the electrode. 

 

The electrochemical method used in this study is a cathodic polarization measurement. Also 

known as the limiting current technique, it is widely used for the mass transfer studies due to the 

convenient and reliable in-situ measurements [14]. This method is used to measure the reaction 

rate when the reaction is controlled by the mass transfer rate. Thus, the mass transfer rate can be 

calculated based on the measured reaction rate. However, a limited number of species can be 

used for this measurement because the reaction requires chemical stability as well as a suitable 

electrode reaction potential at which limiting current plateaus appear. The reaction of potassium 

ferri-/ferrocyanide was suitable for both bulk boiling and fully developed nucleate boiling 
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conditions [15, 16]. Since potassium ferri-/ferrocyanide is a non-volatile species, the previous 

results may not be applicable to volatile species under boiling conditions. Hydrogen peroxide is a 

volatile species that has significant interaction with metal surfaces [17] and is considered to be 

corrosive in supercritical water cooled reactors [18]. Nickchi and Alfantazi [19] measured the 

limiting current for the reduction reaction of hydrogen peroxide up to 200 °C in an autoclave. 

They speculated that nucleation was not likely taking place inside the autoclave. According to 

the authors’ best knowledge, the mass transfer behavior from the bulk electrolyte to the nucleate 

boiling surface was still unclear for different species. 

 

The present chapter describes a novel pool-boiling device, which allows us to use direct 

electrochemical measurements on a stable nucleate boiling surface to investigate the mass 

transfer behavior. Both volatile and non-volatile species will be used to measure the mass 

transfer rate under natural convection, subcooled nucleate boiling and fully developed nucleate 

boiling conditions. The effects of heat flux and surface roughness on mass transfer under fully 

developed nucleate boiling surfaces will also be investigated. Also, the relationship between 

mass transfer and heat flux with the consideration of surface roughness will be proposed. The 

findings from this work would be very useful for predicting corrosion potential for heat 

exchangers, steam generators and reboilers [20].  

 

  



 64 

3.2 Experimental  

3.2.1 Experimental set-up  

 

The schematic of the novel nucleate boiling apparatus is shown in Figure 3-1. The specimen used 

as the working electrode is the Alloy 800 heat exchanger tube with inner diameter of 13.4 mm, 

outer diameter of 15.8 mm and 30 mm in length. Circulating oil is employed to heat the inner 

surface of the specimen and the boiling phenomenon takes place on the outer surface of the 

specimen. The electrochemical measurements are conducted on the outer surface of the specimen 

where boiling occurs. A platinum coil with a diameter of 60 mm is used as a counter electrode.  

An Ag/AgCl electrode with saturated KCl solution (Fisher Scientific) for temperatures up to 125 

0C is used as the reference electrode. The specimen is heated using an external heating 

circulating bath (Cole-Parmer PolyStat Co.). The temperature of circulating oil is varied from 

room temperature to 171 °C. K-type thermocouples are used to measure the temperature of the 

bulk electrolyte (T1) and the temperatures of the heating oil before entering and after leaving the 

specimen (T3 and T2). A condenser is used to maintain constant an electrolyte concentration. 
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Figure 3-1. Schematic of the nucleate boiling experimental setup. 

3.2.2 Experimental procedure 

 

Before each test, the specimens were polished using #60 grit sand paper to obtain an average 

roughness of 0.95 μm so that the roughness was close to the conventional operating condition.  

The values of roughness were tested using Pocket Surf roughness tester. In this study, two 

different types of electrolyte were used. The first one was prepared using distilled water and 

analytical grade NaOH to make 0.1 M NaOH solution as the supporting electrolyte with 0.01 M 

potassium ferricyanide/ferrocyanide added to the mixture as the reaction species. The second 

electrolyte contained 0.025 M Na2SO4 as the supporting electrolyte and 0.00195 M H2O2 

solution as the reaction species. The electrolytes were deoxygenated by purging with pure 
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nitrogen gas for 1 hour before each measurement. The electrochemical measurements were 

conducted using a SI 1287 electrochemical interface (Solartron Analytical Co.). The 

potentiodynamic polarizations were conduct from -50 mV vs OCP until the hydrogen evolution 

reaction clear shows at a scan rate of 2 mV/s. The diffusivities of the potassium ferricyanide for 

the temperature range of 20 °C to 100 °C obtained from open literature [21] are shown in Table 

3-1. The diffusivity values of hydrogen peroxide are also included in Table 3-1 where the 

diffusivity at 20 °C was obtained from literature [22] and the values for other temperatures were 

calculated using the Stokes-Einstein equation [23]. 

 

Table 3-1. Diffusivities of potassium ferricyanide and hydrogen peroxide at various temperatures.  

Temperature (°C) 20 40 60 80 96 

Potassium ferricyanide (m2/s) 6.45×10
-10

 1.03×10
-9

 1.56×10
-9

 2.16×10
-9

 2.83×10
-9

 

Hydrogen peroxide (m2/s) 6.60×10
-10

 1.08×10
-9

 1.59×10
-9

 2.21×10
-9

 2.89×10
-9

 

 

3.2.3 Uncertainty Analysis 

 

For each test, the heat flux on the specimen surface was calculated based on the temperature 

difference between the two thermocouples using the following equation: 

 

  
 ̇               
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where q is the heat flux,  ̇ is the mass flow rate, Cp is the heat capacity of the heating oil, A is 

the specimen surface area, Tin and Tout are the oil temperature at the inlet and outlet of the 

specimen.  

 

The uncertainty in the experimentally determined heat flux was calculated using the method 

described by Coleman and Steel [24] and Holman [25]. The uncertainty in the heat flux was 

estimated based on experimental errors in the measured oil mass flow rate, the inlet and outlet oil 

temperatures, specific heat capacity and the surface area. The uncertainty can be written as: 
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Evaluating the partial derivatives and simplifying, gave uncertainty in the heat flux as: 
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where  is the uncertainty in heat flux ,  is the uncertainty in mass flow rate,  is the 

uncertainty in specific heat capacity,  is the uncertainty in inlet temperature,  is the 

uncertainty in outlet temperature and  is the uncertainty in surface area.  

 

q  m
pc

inT outT

A
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The mass transfer coefficient of the reactant species, k, the Sherwood number, Sh, and the 

uncertainty in the experimentally determined mass transfer coefficient were calculated using Eq. 

(1.6) and Eq. (1.8).  

 

3.3 Background  

 

According to Stephan and Vogt [12], gas bubble generation enhances mass transfer due to the 

convective flow of electrolyte during bubble growth on the electrode surface. They developed a 

model for mass transfer enhancement by gas bubble evolution. In this model, the authors 

assumed that the shape of the bubbles was spherical or hemispherical, a specific small area may 

be attributed to each individual bubble and the flow along the micro-area is laminar. These three 

assumptions are appropriate for the present study [26]. The other assumption Stephan and Vogt 

[12] made is that the influence of mass transfer due to the flow induced by the detaching of the 

bubble is negligible. However, this assumption appears not to be universally accurate according 

to Fukunaka’s study [27]. Stephan and Vogt [12] have described their data with the following 

correlation which stated that the mass transfer coefficient was proportional to the square root of 

the gas bubble evolution rate: 

 

                 
                                                             

 

where Shmicro is the Sherwood number caused by bubble generation, Sc is the Schmidt number of 

the solution and ReG is the gas evolution Reynolds number that is defined as: 
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where VG is the gas evolution rate, db is the break off diameter of the gas bubble, A is the surface 

area, ρ and µ are the density and viscosity of the solution, respectively.  

 

Alkire and Lu [28] claimed that the micromixing caused by the expansion of the bubble and the 

macromixing effect caused by the motion of the detached bubble  contributed to the mass transfer 

enhancement. Therefore, they concluded that the total effects could be expressed by summation 

of the above two factors. Fukunaka et al. [27] proposed the following empirical correlation to 

include only macromixing effects to the mass transfer equation: 

 

                                                                         

 

where Ray is the Rayleigh number and can be calculated using the following equation:  

 

                                                                              

 

where Pr is Prandtl number and Gr is the Grashof number and can be expressed as: 
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where g is the gravity of Earth, ß is the volumetric thermal expansion coefficient, Ts is the wall 

temperature of the specimen which can be calculated using Thom correlation [26], Tb is the bulk 

temperature and L is the characteristic length. 

 

The models obtained by Stephan and Vogt [12] and Fukunaka et al. [27] were developed for the 

isothermal condition, which means that these models did not consider the mass transfer caused 

by non- isothermal convection. However, the non- isothermal nature of convection also causes the 

mass transfer enhancement. Wragg and Nasiruddin [10] investigated the mass transfert of the 

cathodic deposition of copper ions in non- isothermal conditions on a flat horizontal surface, and 

summarized their work with the following empirical equation: 

 

                                                                          

 

Figure 3-2 showed all the enhancement effects that caused by the boiling bubble on the mass 

transfer rate. A correlation which considered the effects of micromixing, macromixing and non-

isothermal convection on mass transfer under boiling condition has been proposed as follows:  

 

         
                                                           

 

where a, b and c are empirical factors could be determined based on the experimental work.  
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Hot

Cool

 

(a)                                      (b)                                       (c) 

Figure 3-2. Factors (a) micromixing (b) macromixing (c) non- isothermal  convection  influence 

mass transfer under boiling condition. 

 

3.4 Results and discussion  

3.4.1 Stability of hydrogen peroxide reaction 

 

It is well known that hydrogen peroxide tends to decompose to oxygen and water at elevated 

temperatures. Also, unlike the reduction of ferricyanide, the reduction reaction of hydrogen 

peroxide is not reversible at the anode. Therefore, the concentration of hydrogen peroxide would 

continually decrease as the reaction proceeds. Nickchi and Alfantazi [19] titrated the solution 

with KMnO4 in the presence of sulfuric acid before and after their experiments with reduction 

reaction of hydrogen peroxide in an autoclave. They found that the decrease in hydrogen 

peroxide concentration was less than 5% before and after their experiments. Their result may not 

be applicable to the current study, since a half open system was employed in the present study. 
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Figure 3-3 shows the experimental data for the stability of the hydrogen peroxide concentration 

at various electrolyte temperatures. The tests were conducted at the cathodic polarization 

potential of -0.8 V vs. standard hydrogen electrode (SHE). The current density value, which 

represents the reduction reaction rate of hydrogen peroxide, is proportional to the hydrogen 

peroxide concentration. As can be observed from Figure 3-3, the current density remained 

constant at the electrolyte temperature of 20 °C, but the current density continuously decreased at 

80 °C and boiling conditions. The decrease indicated that the hydrogen peroxide was decaying 

during the measurements at 80 °C and boiling conditions. And this decay should follow the 

exponential decay rules. The following half- life equation [29] was used to fit the decay rate of 

hydrogen peroxide as shown in Figure 3-3. 

 

  
    

  
   

 

    

  (
 

 
)                                                               

 

where N(t) is the concentration of hydrogen peroxide at time t, N0 is the initial concentration and 

t0.5 is the half- life. The regression lines shown in Figure 3-3 indicated that the half- life for 

electrolyte temperature of 80 °C and for boiling condition were 1300 s and 1000 s, respectively. 

This decay was incorporated for all the data analysis of hydrogen peroxide experiments. Also, it 

can be observed that the current density at boiling condition is higher than that of lower 

temperatures, this would indicate the mass transfer rate of hydrogen peroxide is higher at boiling 

condition.    
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Figure 3-3. Current density as a function time for Alloy 800 in the hydrogen peroxide at various 

electrolyte temperatures.  

 

3.4.2 Mass transfer under natural convection condition 

 

Figures 3-4 (a) and (b) show the typical polarization curves for potassium ferri-/ferrocyanide and 

hydrogen peroxide electrolytes at the electrolyte temperatures of 20 °C, 40 °C, 60 °C and 80 °C. 

The reduction reactions of ferricyanide [16] is shown in Eq. (2.10) and hydrogen peroxide [30] is 

shown below: 

 

                                                                    

 

Both Figs show that, for all electrolyte temperatures, a clear current plateau can be observed at 

the potential range between – 0.3 and – 1.3 V vs. SHE for ferricyanide reaction and – 0.15 and – 
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1.35 V vs. SHE for hydrogen peroxide reaction. The current further increased at potentials lower 

than – 1.35 V due to the hydrogen evolution reaction occurring on the electrode. The current 

plateau indicated that the electrochemical reaction was mass transfer controlled at this region and 

the value of this limiting current represented the reaction rate of the mass transfer controlled 

reaction, and therefore the mass transfer rate. Figures 3-4 (a) and (b) show that the mass transfer 

rate increased with increasing electrolyte temperature, since the liquid had more internal energy 

at the higher temperatures and the molecules moved faster. As a consequence, the diffusivity of 

ferricyanide increased with temperature, leading to an enhanced mass transfer rate [31].  
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Figures 3-4. Cathodic polarization curves for ferri-/ferrocyanide (a) and hydrogen peroxide (b) 

reactions for different electrolyte temperatures under natural convection condition 

 

3.4.3 Mass transfer rate under subcooled boiling condition (Onset of nucleate boiling) 

 

Figures 3-5 (a) and (b) show potentiostatic tests for the duration of 60 seconds for both 

potassium ferri-/ferrocyanide and hydrogen peroxide electrolytes under subcooled nucleate 

boiling condition. The potentiostatic test was used because it is a relatively quick test to 

overcome the developing subcooled boiling temperature. The potential of these tests was -1.0 V 

vs. SHE. All the subcooled boiling experiments were conducted at constant heat flux of 66±2 

kW/m2 for the potassium ferri- /ferrocyanide electrolyte and 69±2 kW/m2 for the hydrogen 

peroxide electrolyte. It can be observed from Figures 3-5 (a) and (b) that the limiting current 

density increased with the increasing bulk boiling temperature under the subcooled boiling 
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condition, which indicated an increase in the mass transfer rates. Fluctuations in the current 

curves were also observed, with amplitudes increasing as the electrolyte temperature increased. 

The fluctuations of the current were caused by the bubble- induced forced convection. As the 

electrolyte temperature increased, the number of nucleate cites and/or the frequency of bubble 

generation increased in the subcooled boiling condition. Thus, the amplitudes of the fluctuation 

were enhanced at higher subcooled bulk temperatures [32].  

 

Figures 3-6 (a) and (b) show the mass transfer coefficients obtained from natural convection, 

subcooled boiling and fully developed nucleate boiling conditions. The mass transfer coefficients 

were calculated using Eq. (1.6). The fully developed nucleate boiling data shown in Figures 3-6 

(a) and (b) had nearly the same heat flux compared with that under subcooled nucleate boiling 

condition. The mass transfer coefficient showed a sudden increase at the onset of the subcooled 

nucleate boiling condition and at the start of the fully developed nucleate boiling condition. The 

sudden increase was caused by the increase in mass transfer enhancement factors. The mass 

transfer rate from the bulk solution to the boiling surface is influenced by three factors: the non-

isothermal convection attributed to the temperature gradient [10], the convection caused by 

bubble generation, called micromixing [12] and the convection caused by detached bubble flow 

over the surface, known as macromixing [27, 28]. It can be summarized from Figures 3-6 (a) and 

(b) that under the subcooled boiling condition, the non- isothermal convection and micromixing 

influenced the mass transfer rate and caused the sudden increase in the mass transfer rate at the 

onset of subcooled boiling. Under the fully developed nucleate boiling condition, all three of the 

factors affected the mass transfer rate. It was the macromixing effect, which did not appear under 

subcooled boiling condition that let to a second sudden increase in the mass transfer coefficient. 
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Figures 3-5. Potentiostatic test for (a) ferri-/ferrocyanide and (b) hydrogen peroxide reactions at 

subcooled nucleate boiling condition. 
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Figures 3-6. Mass transfer coefficients for (a) ferri-/ferrocyanide and (b) hydrogen peroxide 

reactions under natural convection, subcooled nucleate boiling and fully developed 

nucleate boiling conditions. 
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3.4.4 Mass transfer under fully developed boiling condition 

 

Figures 3-7 (a) and (b) show the polarization curves for the ferricyanide and hydrogen peroxide 

reactions obtained under fully developed boiling conditions for various heat fluxes, respectively. 

Figures 3-7 (a) clearly showed the current plateaus in the potential range between -0.55 and -0.95 

V (SHE) for the ferricyanide reaction. This was strong evidence for the successful 

electrochemical measurement on the boiling surface. The current plateaus also indicated that this 

was the mass transfer controlled reaction region since the reaction rate (i.e. current) did not 

increase with the increasing driving force (i.e. potential). For the hydrogen peroxide tests shown 

in Figures 3-7 (b), the current plateaus were also observed between -0.90 and -1.05 V (SHE) but 

were shorter than those in the ferricyanide reaction, which indicated that it was more difficult to 

reach the mass transfer controlled region for this reaction. When the potential dropped below -

1.05 V, water decomposed and hydrogen reaction began. This reaction was not mass transfer 

controlled. Figures 3-7 (a) and (b) also showed that the limiting current density increased with 

increasing heat flux under the fully developed boiling condition, indicating an increase in the 

mass transfer rate. The diffusion term did not significantly change since the solution temperature 

remained constant. Also, electromigration was eliminated due to the relatively high 

concentration of the supporting electrolyte. Therefore, the increase in limiting current density can 

only be attributed to the convection of electrolyte caused by the motions of the bubbles during 

the boiling condition. Thus, increasing the heat flux increased the bubble generation rate, leading 

to a higher mass transfer rate.   
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Figures 3-7. Cathodic polarization curves for (a) ferri- /ferrocyanide and (b) hydrogen peroxide 

reactions under fully developed nucleate boiling condition. 
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Figures 3-8 show the calculated the mass transfer coefficients as a function of heat flux for both 

ferricyanide and hydrogen peroxide reactions, respectively. The heat flux was calculated using 

Eq. (3.1). It can be seen that the mass transfer coefficient increased with increasing heat flux. 

Under the fully developed nucleate boiling region, the amount of vapor generation increased 

with increasing heat flux. With an increased number of bubble nucleation sites, and an increased 

vapor generation rate from each nucleation site, the departure and flow of bubbles enhanced the 

macromixing effect, which increased the mass transfer rate.  
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Figures 3-8. The mass transfer coefficients for ferri-/ferrocyanide (a) and hydrogen peroxide (b) 

reactions as a function of heat flux under fully developed nucleate boiling condition 

 

3.4.5 Effect of surface roughness under fully developed nucleate boiling condition 

 

Figure 3-9 shows the polarization curves for different average specimen surface roughnesses 

(Ras) varied between 0.95 and 0.10 μm obtained under fully developed nucleate pool boiling 

conditions. The surface different roughness was obtained by using different sand paper polishing, 

and measured by Pocket Surf tester. It is very clear that a rougher surface results  in a higher 

limiting current value and consequently a higher mass transfer rate. Under nucleate boiling 

conditions, intense convection in the liquid adjacent to the heated tube wall is induced by the 

pumping motion of growing and departing bubbles which induced a remarkable localized forced 

convection process [26]. Rougher surfaces produced an increased number of active boiling 
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points on the specimen surface [33], which could cause more convection of the solution 

surrounding the specimen and thus a higher rate of mass transfer.  
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Figure 3-9. Polarization curves for various surface roughness under pool boiling condition. 

 

3.4.6 Mechanism and difference between ferricyanide and hydrogen peroxide reactions  

 

Figures 3-10 (a) and (b) show the Sherwood number as a function of electrolyte temperature in 

the natural convection and subcooled nucleate boiling conditions for the ferricyanide and 

hydrogen peroxide reactions. The electrolyte temperature was varied from 20 °C to 95 °C. Figure 

3-10 (c) showed the Sherwood number as a function of heat flux under fully developed nucleate 

boiling conditions, where the electrolyte temperature remained relatively constant at 96 °C. The 

Sherwood number was calculated using Eq. (1.8). The Sherwood number is the ratio of 

convective mass transfer to the molecular diffusion. Therefore, it was expected that the 
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Sherwood numbers remained the same for both reactive species despite differences in their 

diffusivities [34]. However, it can be seen from Figure 3-10 (a) that, at any given temperature, 

the Sherwood numbers for ferricyanide and hydrogen peroxide were different. This indicated 

that the mass transfer correlation obtained from the ferricyanide reaction [15] cannot be directly 

applied to the hydrogen peroxide reaction. Figures 3-10 (b) and (c) also showed that the 

Sherwood numbers for hydrogen peroxide were higher than that of ferricyanide under the 

subcooled boiling and fully developed boiling conditions. The difference of Sherwood numbers 

for these two species could be attributed to the different natures of the non-volatile and volatile 

species. A detailed explanation is shown in Figure 3-11. 
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Figures 3-10. The Sherwood number of ferri-/ferrocyanide and hydrogen peroxide as a function 

of electrolyte temperature or heat flux for (a) natural convection, (b) subcooled 

nucleate boiling condition and (c) fully developed nucleate boiling conditions, 

respectively. 
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Figure 3-11 illustrates the proposed mechanism of the mass transport phenomenon for 

ferricyanide ions and hydrogen peroxide under boiling conditions. Under both the subcooled 

boiling and fully developed nucleate boiling conditions, part of the bubble surface could behave 

as the working electrode and enhance the electrochemical reaction [35]. The ferricyanide ions 

only exist in liquid phase, since it is a non-volatile species. The mass transfer of the ferricyanide 

ions from the bulk solution to the interface would only occur through the liquid phase as shown 

in Fig. 3-11. However, transfer of hydrogen peroxide could occur through both liquid and vapor 

phases since hydrogen peroxide would partition into the bubbles during reaction under the 

boiling condition. Also, the transport rate in vapor phase is much higher than in the liquid phase 

since the diffusivity of hydrogen peroxide in the vapor phase is several magnitudes higher than 

in the liquid phase [36]. Therefore, the Sherwood number of hydrogen peroxide increased at a 

higher rate than that of ferricyanide at both the subcooled nucleate boiling and fully developed 

nucleate boiling conditions as shown in Figures 3-10 (b) and (c).  
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Figures 3-11. The proposed mass transfer mechanisms of ferricyanide ion and hydrogen peroxide 

in the presence of bubbles under boiling condition. 

 

3.4.7 Empirical correlation for mass transfer under pool boiling condition 

 

Figure 3-12 (a) shows the mass and heat transfer coefficients as a function of heat flux. The mass 

transfer coefficient was calculated using Eq. (1.6) and the heat transfer coefficient was estimated 

by the Gorenflo correlation [37] with the consideration of the effect of both heat flux and surface 

roughness on heat transfer coefficient: 
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where h is the heat transfer coefficient, pr is the reduced pressure, q is the heat flux, Ra0 = 0.4 μm, 

h0 = 5.6 kW/m2K and q0 = 20 kW/m2 are reference values at standardized conditions, the 

function F(pr) is shown below: 
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It is shown that the mass transfer coefficient increases with increasing heat flux. Since the 

increase in the heat flux increases the bubble generation rate which enhances forced convection 

and thus, increases the mass transfer. Figure 3-12 (a) also shows that the mass transfer 

coefficient of the rough surface is slightly higher than that of the smooth surface for the same 

heat flux. Since the rough surface provides more nucleate sites, the energy barrier for bubble 

generation decreases and increases the number of boiling active sites, resulting in an enhanced 

mass transfer rate. Moreover, it can be observed that the estimated heat transfer coefficient 

appears to parallel with the experimentally determined mass transfer coefficient. 

 

As introduced in Section 3.3, all three influence factors: the convection caused by bubble 

generation, the convection caused by detached bubble flow over the surface, and the non-

isothermal convection contribute to the total mass transport rate in the present study. The 

correlation constants a, b and c in Eq. (3.10) obtained using the experimental data and multiple 

linear-regression. Substituting the values of a, b and c in Eq. (3.10) gives the following equation: 
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Figure 3-12 (b) shows the comparison between the predicted and the experimentally determined 

Sherwood numbers under nucleate boiling conditions. The predicted values were calculated 

using Eq. (3.16) and the experimental values were obtained using Eq. (1.8). All of the data points 

are within ±15% error. Therefore, this equation is suitable for predicting the mass transfer 

behavior of dissolved non-volatile species at nucleate boiling surfaces in the heat flux range 23.4 

to 82.7 kW/m2 under atmospheric pressure.  
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Figures 3-12. Mass and heat transfer coefficient (a) and comparison of the experimentally 

determined and predicted Sherwood numbers (b) under pool boiling conditions. 

 
  

(3.16) 
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3.5 Conclusions 

A novel pool-boiling device was constructed and enabled us to conduct electrochemical 

measurement directly on boiling surface for the first time. The mass transfer coefficients of both 

ferricyanide and hydrogen peroxide were experimentally determined at different electrolyte 

temperatures, under subcooled boiling and fully developed boiling conditions using a novel pool-

boiling device. The following conclusions were obtained: 

 

1) It was found that the mass transfer rate increased with the increasing solution temperature for 

both species due to the increase in diffusivities under natural convection. 

 

2) Under the subcooled nucleate boiling and fully developed nucleate boiling conditions, the 

mass transfer coefficient increased with increasing temperature and heat flux for both species, 

which was mainly ascribed to the forced convection. 

 

3) The rate of increase of the Sherwood number of hydrogen peroxide was faster than that of 

ferricyanide ions with increasing heat flux. This result could be attributed to the fact that the 

mass transfer of ferricyanide ions only occurs through the liquid phase, while the mass transfer 

of hydrogen peroxide could occur through both the liquid and vapor phases during the reaction.  

 

4) An empirical equation that considers the generation/expansion of the bubble (micromixing), 

the motion of the detached bubble (macromixing) and non- isothermal convection was proposed 

and proven to be valid in predicting mass transfer rate under nucleate boiling condition for 

potassium ferricyanide.  
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Chapter 4  Phase III -- flow boiling conditions 

 

In previous Phases I and II, the mass transfer coefficients were obtained under bulk boiling and 

pool boiling conditions. In both phases, the experiments were conducted under atmospheric 

pressure and for electrolyte temperatures were varied up to 125 °C. In this chapter (Phase III), a 

flow loop is designed and constructed to determine the mass transfer coefficient under the flow 

boiling condition. The electrolyte flow rate, temperatures and operating pressure will be varied.  

   

4.1 Introduction 

The mass transfer under the flow boiling condition is a fundamental issue that can cause many 

industrial problems, such as fouling in the boiler [1]; film cooling in the ducts [2]; and the 

material degradation of the wire plating cells [3] and the electrochemical reactors [4], as well the 

exchange tubing in the steam generator [5]. The flow boiling is a complex condition, which can 

include the elevated pressures and temperatures (above 100 °C), heat transfer, vapor generation 

(gas bubbling on the solid surface) and vapor-liquid two-phase flow [6-8].  

 

The electrochemical approach to investigating mass transfer behavior in annular shape tubing 

under isothermal conditions has been reported previously [9]. Lin et al. [10] examined the mass 

transfer rate from a flowing electrolyte to the inside surface in a annular shape tubing. They 

measured the mass transfer rate for the cathodic reaction of ferricyanide ion and quinone. Their 

results showed good agreement with Leveque’s (1928) equation in the laminar flow region and 

with Chilton-Colburn’s equation (1934) in the turbulent flow region. Ross and Wragg [11, 12] 
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investigated free and forced convective mass transfer around the horizontal electrode and annuli. 

The mass transfer rates have been determined using the electrochemical method of deposing 

copper from acidified copper sulphate solutions on to copper cathodes. Ross and Wragg [11, 12] 

proposed a semi-empirical equation for the predicting the mass transfer rate on the inner wall of 

an annular flow cell for both laminar and turbulent flow regions. They stated that their equation 

represent their data very well. They also stated that the mass transfer behavior under flow boiling 

condition studies are very limited in the open literature. The reason for the lack of investigation 

is the experimental difficulties of conduct measurement on the flow boiling surface. Although 

the flow boiling phenomenon has been extensively studied in the field of heat transfer [13-15]. 

However, the traditional analysis between heat and mass transfer cannot be applied to the flow 

boiling condition due to the boundary layer discontinuity [16]. Therefore, there is no available 

theory to explain solid-liquid mass transfer behavior under flow boiling condition [17]. 

 

It can be concluded from the above literature survey that there is a knowledge gap for the mass 

transfer behavior under flow boiling conditions both experimentally and theoretically. In this 

chapter, a novel flow boiling setup is designed and constructed. The mass transfer rates are first 

measured for elevated temperatures and pressures as well as various elec trolyte flow rates under 

a single-phase condition to verify the experimental setup. Then, the mass transfer coefficient of 

hydrogen peroxide on a boiling surface electrode under a flow boiling condition will be obtained 

and a new empirical correlation will also be proposed to represent the mass transfer behavior 

under a flow boiling condition.   
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4.2 Experimental setup  

To measure the mass transfer of dissolved species in flow boiling condition, a novel 

experimental setup is designed. The schematic diagram of the flow loop is shown in Figure 4-1. 

Two stainless steel storage tanks were used to store the chemistry-controlled working fluid and 

to collect the return working fluid. A positive displacement pump (Neptune 525-S-N3) with a 

maximum discharge pressure up to 6.2 MPa was used to circulate electrolyte solution and its 

flow rate was measured using a turbine meter (Omega FTB504-CK). The electrolyte solution 

temperature was controlled using an electrically heated preheater. Then, the electrolyte solution 

temperature was further heated to the boiling point in the flow cell using hot oil flowing between 

heating bath (Cole-Parmer SS 13L) and the inner tube. The mineral oil (SIL 180), which had a 

heat capacity of 1.51 kJ/kg K, was used as heating oil. The electrochemical measurements were 

conducted in the electrochemical flow cell under flow boiling condition. The electrolyte solution 

was cooled to near room temperature using a shell and tube heat exchanger (S.E.C. Heat 

exchangers Model C-8.2) before returned back to the Solution Tank 2. The pressure of the loop 

was controlled using a backpressure regulator (Equilibra GSD4-SS316) and a check valve. K-

type thermocouples were used to measure the electrolyte temperatures after preheating and just 

entering to the electrochemical flow cell as well as the temperatures of the heating oil before 

entering and after leaving the specimen (T2 and T3).  
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Figure 4-1. Schematic diagram of flow loop  

 

Figures 4-2 and 4-3 show the detailed schematic of the electrochemical flow cell. The flow cell 

contained a double tube structure. The heated oil flows though the inner tube and the electrolyte 

solution flowed though the annular space between the two tubes. The inner tube was made of 

Alloy 800, and was used as a working electrode. In the center of the tube, 30 mm of bare metal 

was exposed to the electrolyte solution. Other parts of the cell were insulated electrically using 

PTFE coating. A cross union was located in the middle of the electrochemical flow cell and was 

used to hold the counter and the reference electrodes as shown in Figure 4-3. A platinum tube 

ring with a diameter of 15.5 mm and length 30 mm was used as a counter electrode. A pressure 

balanced Ag/AgCl reference electrode (Corr Instruments, LLC), which can be operated up to 

250 °C was used to provide constant potential during the measurement.  
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Figure 4-2. Schematic diagram of electrochemical flow cell 

 

Figure 4-3. Schematic diagram of the experimental part 
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4.3 Experimental procedure  

Before each test, the specimens were polished using #60 grit sand paper to obtain an average 

roughness of 0.95 μm so that the roughness was close to the conventional operating condition of 

heat exchanger tubes in the steam generators. The surface roughness was tested by the Pocket 

Surf roughness tester. The electrolyte contained 0.025 M Na2SO4 as a supporting electrolyte, and 

a 0.002 M H2O2 solution was used as the reaction species. Before each measurement, the 

electrolyte solution was deoxygenated by purging the solution with pure nitrogen gas for 2 hours. 

The electrochemical measurements were conducted using a Gamry Reference 600 

electrochemical station. Potentiodynamic polarization was applied by sweeping the potential in 

the negative direction at rate of 2 mV/s until the current density reached 1 mA/cm2. The mass 

transfer coefficient and heat flux were calculated using Eqs (1.6) and (3.1), respectively. The 

mass transfer rate of H2O2 was first investigated under single-phase flow and flow boiling 

conditions. Under the single-phase condition, the experiments were conducted under electrolyte 

temperature up to 120 °C, flow rate up to 44.6 kg/m2s and pressure up to 652 kPa. Under the 

flow boiling condition, the measurements were conducted under electrolyte entrance temperature 

up to 85 °C, flow rate up to 44.6 kg/m2s, oil temperature up to 160 °C and the operating pressure 

kept constant at 100 kPa. The diffusivity values of hydrogen peroxide are also included in Table 

3-1 where the diffusivity at 20 °C was obtained from literature [18] and the values for other 

temperatures were calculated using the Stokes-Einstein equation [19]. 
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4.4 Results and discussion  

4.4.1 Effect of temperature on mass transfer rate  

Figures 4-4 (a) and (b) show the polarization curves and mass transfer coefficient for the 

hydrogen peroxide reaction as a function of the solution temperature while keeping the operating 

pressure and electrolyte flow rate constant at 445 kPa and 17 kg/m2 s, respectively. At this 

operating pressure, the saturation point of water is above 145 °C. Therefore, it is believed that 

the flow type for all temperatures is a single-phase flow (i.e. non-boiling). It can be observed 

from the Figure 4-4 (a) that for all electrolyte solution temperatures, the current plateaus in the 

potential range between -1.15 to -1.35 V vs. standard hydrogen electrode (SHE) for the hydrogen 

peroxide reaction. These plateaus indicate that the mass transfer controlled region can be reached 

for all these tests. It can also bee seen that the current value of plateau region increases with the 

increasing the electrolyte solution temperature, which indicates that the mass transfer controlled 

reaction rate increases. Then, the mass transfer coefficients were calculated using Eq. (1.6) and 

the experimental determined limiting current density. The mass transfer coefficient increased 5.1 

times with the increasing the electrolyte temperature from 22 °C to 120 °C as shown in Figure 4-

4 (b). The increase in the electrolyte temperature increases the diffusivity of the dissolved 

species (i.e. hydrogen peroxide). Therefore, the enhancement in the mass transfer coefficient is 

only due increase in diffusivity of hydrogen peroxide.  
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Figures 4-4. (a) Cathodic polarization curves and (b) the calculated mass transfer coefficient for 

the flow loop system at various electrolyte temperatures (Electrolyte flow rate 17.0 

kg/m2s; Operating pressure 445 kPa). 
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4.4.2 Effect of the flow rate on the mass transfer rate  

Figure 4-5 (a) shows the polarization curves for the hydrogen peroxide reaction as a function of 

electrolyte flow rates, while keeping the operating pressure and electrolyte temperature constant 

at 445 kPa and 22 °C, respectively. It can be observed from Figure 4-5 (a) that there are clear 

current plateaus in the potential range between -1.95 to -1.45 V vs SHE for the hydrogen 

peroxide reaction. These plateaus indicate that the mass transfer controlled region can be reached 

in these tests. It can be seen that the similar plateaus were also obtained for the electrolyte 

temperatures of 22, 80, 100 and 120 °C. Figure 4-5 (b) shows the calculated mass transfer 

coefficient as a function of the electrolyte flow rate for various electrolyte temperatures while 

keeping the operating pressure constant at 445 kPa. The mass transfer rate is increases with the 

increasing electrolyte flow rate for all electrolyte temperatures. The higher electrolyte flow rate 

will induce more forced convection. Thus, the mass transfer coefficient will increase when the 

electrolyte flow rates increase. These trends agree well with the classic Leveque equation [20]. 
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Figures 4-5. (a) Cathodic polarization curves (Electrolyte temperature 22 °C; Operating pressure 

445 kPa) and (b) the calculated mass transfer coefficient as a function electrolyte 

flow rate for various electrolyte temperatures (Operating pressure 445 kPa). 

 

4.4.3 Effect of the operating pressure on the mass transfer rate  

Figure 4-6 (a) shows the polarization curves obtained for various operating pressures while 

keeping the electrolyte temperature and the flow constant at 22 °C and 17.0 kg/m2 s, respectively. 

It can be observed from the Figure 4-6 (a) that there are clear current plateaus in the potential 

range between -0.95 to -1.35 V vs SHE for the hydrogen peroxide reaction. These plateaus 

indicate that the mass transfer controlled region can be reached in these tests.  Figure 4-6 (b) 

shows the calculated mass transfer coefficients as a function of operating pressure for various 

electrolyte temperatures. In these tests, the operating pressure was varied from 100 to 652 kPa 

and for each operating pressure, the electrolyte temperature was varied from 22 to 120 °C. The 

electrolyte flow rate was kept constant at 17.0 kg/m2 s. The data points for the operating 
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pressures of 100 and 238 kPa at 100 and 120 °C are not included because the electrolyte 

temperature was exceeded the saturation point. The mass transfer coefficient is increased when 

the operating pressure increased. It can be seen that the increase in the mass transfer rate is about 

15% when the operating pressure is increased from 100 to 789 kPa. The increase of pressure 

enhanced the inner energy of the electrolyte solution, thus increasing the movement of dissolved 

hydrogen peroxide [21]. As a result, the mass transfer coefficient increases with the increase of 

the operating pressure as it was expected 
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Figures 4-6. (a) Cathodic polarization curves (Electrolyte temperature 22 °C; Electrolyte flow 

rate 17.0 kg/m2 s) and (b) the calculated mass transfer coefficient as a function of 

operating pressure and for various electrolyte temperatures (Electrolyte flow rate 

17.0 kg/m2 s). 

 

 

Carbin and Gabe [22] also studied the mass transfer behavior though the annular geometry but 

only considering the effect of the electrode length. They proposed the following correlation 

based on Ross and Wragg’s work [11]: 
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Therefore, the single phase mass transfer coefficient can be obtained based on Eq. (4.1), within 

the range of 100<Re<50000 and 100<Sc<2000: 
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where dc is the hydraulic diameter and Le is the length of the electrode. They stated that their 

correlation agreed well with other’s work [9, 10].  

 
Figure 4-7 shows a comparison between the experimentally determined mass transfer coefficient 

and the predicted mass transfer coefficient obtained using the Eq. (4.2). It can be observed that 

95% of the data under the single phase condition agree with the correlation within ±15% error. 

This indicates that the electrochemical method can be used to measure the mass transfer 

coefficient under single phase flow conditions.  
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Figures 4-7. Comparison between the experimentally determined present studies mass transfer 

coefficient and predicted value.  
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4.4.4 Mass transfer measurement under the flow boiling condition  

Figure 4-8 shows the electrolyte solution temperature and limiting current density as a function 

of time. In these tests, the electrolyte solution temperature in the flow cell was varied using hot 

mineral oil flowing between heating bath and the inner tube. The mineral oil temperature was 

varied from room temperature to 150 °C while the applied potential was kept constant at -1.2 vs. 

SHE. For all above test, the mass transfer controlled reaction region was obtained. The flow rate 

of electrolyte solution was varied such that the flow regime varied from single phase to flow 

boiling condition (two-phase flow). The temperatures of the heating oil before entering, T2 and 

after leaving the specimen, T3 before and after the electrochemical measurement region are also 

shown in Figure 4-8. It can be seen that there is a sudden increase in the electrolyte temperature 

and in the limiting current density at 700 s. This sudden increase would attribute to the phase 

changing in the electrolyte solution. It is speculated that at 700 s, the flow boiling (two-phase 

flow) regime would occurs when the oil temperature reaches to 110 °C, which is higher than the 

saturation point of the electrolyte solution. The initiation and expand of the boiling bubbles 

induced a sudden enhancement of the forced convection on the specimen and bubble surfaces. 

Therefore, the measured current value shows a sudden increase. Between the time between 700 s 

and 1200 s, the limiting current density increases with the increasing temperatures, which 

indicates that the mass transfer rate was increased. The reason for this increase may due to the 

flow regime changed from the subcooled flow boiling to the fully developed flow boiling 

condition. After 1200 s, both the temperature and the current density remain constant. This 

indicates that the fully developed flow boiling regime is reached and the mass transfer controlled 

reaction has a stable reaction rate.  
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Figures 4-8. Potentiostatic tests for increasing oil temperatures (Operating pressure 100 kPa; 

Electrolyte flow rate 17.0 kg/m2 s). 

 

Figure 4-9 shows the cathodic polarization curves for the single-phase and flow boiling 

conditions. Both measurements were conducted under the constant electrolyte solution flow rate 

of 17 kg/m2 s, entrance electrolyte solution temperature 85 °C and operating pressure at 100 kPa. 

For the single-phase flow condition, the oil temperature was kept at 85 °C and for the flow 

boiling condition; the oil temperature was increased to 150 °C. Clear current plateaus can be 

observed for both single-phase and flow boiling conditions. According to the open literature, this 

is the first time the mass transfer rate is experimentally determined in-situ under flow boiling 

condition using the electrochemical method. Also, it can be calculated that the mass transfer 

coefficient for single phase and flow boiling conditions are 3.24×10-5 and 6.38×10-5 m/s, 

respectively. The mass transfer controlled reaction rate under the flow boiling condition is 1.97 

times higher than that under the single-phase flow condition. There are two main reasons causing 
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this enhancement. First, the surface electrolyte temperature under the flow boiling condition is 

higher than that under the single-phase flow condition. But the mass transfer enhancement 

caused by the temperature increase is limited. The experimental results show that for each 20 °C 

rise causes the mass transfer rate increase by only 10 %. The other reason for the mass transfer 

enhancement is the effect of boiling bubbles. The micro-mixing and macro-mixing effects 

caused by the generation and movement of boiling bubbles enhanced the forced convection, also 

the two-phase flow breaks the diffusion layer and reduced the concentration gradient. Thus the 

mass transfer rate increased vastly due to the effect of boiling bubbles.    
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Figure 4-9. Cathodic polarization curves for single-phase and flow boiling conditions. (Operating 

pressure 100 kPa; Electrolyte flow rate 17.0 kg/m2 s). 

 

Figure 4-10 shows the cathodic polarization curves for the hydrogen peroxide reaction under 

flow boiling conditions for various heat fluxes. It can be seen that for all heat fluxes, the current 

plateaus in the potential range between -1.2 and -1.5 V (SHE). These curves prove that the mass 



 111 

transfer rate can be measured successfully under the flow boiling condition using the 

electrochemical method. When the potential in the potentiostatic test drops below 1.60 V, water 

began to decompose and the hydrogen evolution reaction begins. This reaction is not mass 

transfer controlled. Figure 4-10 also shows that the values of the current plateau increase with the 

increasing of the heat flux. Because the increasing heat flux increases the vapor generation rate,  

which means more boiling and hence more bubbles are generated on the surface of the specimen. 

When the bubbles expand and detach, the diffusion layer was broke by the movement [23, 24], 

decrease the concentration gradient and increase the forced convection. All of these effects 

increase the mass transfer rate from the bulk solution to the specimen interface, thus leading to a 

higher mass transfer coefficient.  
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Figures 4-10. Cathodic polarization curves under the flow boiling condition (Operating pressure 

100 kPa). 
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4.4.5 Empirical correlation for mass transfer behavior under the flow boiling condition 

 
One of the classic correlation for the flow boiling heat transfer coefficient was developed by 

Chen (1966) [25]. The heat transfer coefficient is the summation of heat transfer coefficient 

contributed by both the pool boiling effect and the flow rate effect. This correlation has been 

further refined by Gungor and Winterton (1986) [26] for applications for both vertical and 

horizontal flows under saturated and subcooled boiling conditions shown as follows: 

 

                                                                              

 

where h is the heat transfer coefficient, the subscripts pool and sp refer to pool boiling and 

single-phase forced convection, respectively. The variable E1 is the suppression factor and E2 is 

the enhancement factor. The following the Dittus-Bolter (1930) [27] and Cooper (1984) [28] 

correlations can be used to determine the heat transfer coefficients contributed by the pool 

boiling and the single phase forced convective terms: 

 

                                                                          

         
 

 
                                                                  

 

where Pr is the Prandtl number, M is the molecular weight, q is the heat flux, λ is the thermal 

conductivity and d is the tubing diameter.  

 

The suppression factor, E1 and the enhancement factor, E2 can be calculated using the following 

equations 
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where Bo is the boiling number and Xtt is the Martinelli parameter [26]. Gungor and Winterton’s 

study [26] stated that the mean deviation between the calculated and measured flow boiling heat 

transfer coefficient was within ±21.4% for the saturated boiling region.  

 

Using the similar analogy, the flowing correlation is proposed to predict the mass transfer 

coefficient for the two-phase flow condition. The proposed correlation is the summation of the 

mass transfer coefficient from pool boiling effect and the flow effect. Thus:  

 

                                                                              

 

where kpool is the mass transfer coefficient due to pool boiling and ksp is the mass transfer 

coefficient due to the flow rate effect. According to Carbin and Gabe’s [22] study, the mass 

transfer coefficient for the single phase annular flow condition, ksp have been showed in Eq. (4.2). 

Also, from the analysis in the previous study [29], there are three factors contribute to the total 

mass transfer under pool boiling condition: micro-mixing, macro-mixing and non- isothermal 

convection. The mass transfer coefficient due to pool boiling, kpool can be obtained based on Eq. 

(3.16) shown as follows:  
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where VG is the gas evolution rate, db is the break off diameter of the gas bubbles and can be 

estimated using the following Equations. [30, 31]:  

 

   
    

        
                                                               

          (
     

        
)
   

                                                    

 

where JL is the power of latent heat, VM is the molar volume, λL is the latent heat of evaporation, 

θ is the contact angle, σs is the surface tension, g is the gravity, ρL and ρG are the density of liquid 

and vapor phases, respectively.  

 

Then, using a linear regression algorithm between Eq. (4.8) in conjunction with the flow boiling 

mass transfer experimental data the following the proposed mass transfer correlation was 

obtained:  

                                                                                   

 

In equation (4.12) the constant F1 is smaller than unity, which indicates that the boiling bubble 

enhancement in mass transfer in the flow boiling environment is not significant as opposed to the 

pool boiling condition. Also, the constant F2 is larger than unity reflects that the single phase 

forced convection mass transfer under the flow boiling is higher compare to the singe-phase 

condition. 
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Figure 4-11 shows the comparison between the experimental and predicted mass transfer 

coefficients calculated using Eq (4.12). It can be seen that all experimentally determined the 

mass transfer coefficients are within ±10 % error of the predicted values. Therefore, this equation 

is valid to predict mass transfer behavior under flow boiling in annuli for the Reynolds number, 

Re range of 200 and 1000 and a heat flux up to 280 kW/m2.  
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Figure 4-11. Comparison between the experimentally determined and predicted mass transfer 

coefficient under the flow boiling condition. 

4.5 Conclusions 

The mass transfer coefficients of hydrogen peroxide under both single-phase flow and two-phase 

flow boiling conditions were obtained using a novel flow loop setup and the electrochemical 

method for the first time. The following conclusions were obtained: 
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1) Under single-phase flow condition, the mass transfer rate was found to increase with the 

increasing electrolyte temperature, flow rate and operating pressure. The experimental 

data obtained under single-phase flow condition showed good agreement with the 

empirical equation given in the literature. 

 

2) Under flow boiling condition, for the first time, the mass transfer coefficients of the 

hydrogen peroxide were successfully obtained experimentally using electrochemical 

method at elevated temperatures and pressures for both single-phase flow and flow 

boiling conditions. A new mass transfer correlation was proposed and found to be valid 

to represent the experimental data within ±10 % of error for the flow boiling condition. 

We believed that this correlation filled the knowledge gap for the mass transfer under a 

flow boiling condition and provides a reference for the future studies. 
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Chapter 5 Conclusions  

 

Mass transfer under flow boiling condition is an important phenomenon that encountered in the 

nuclear industry. The theoretical and experimental study of mass transfer on a boiling surface 

under a flow boiling condition has not been reported due to experimental difficulties and the lack 

of an appropriate experimental facility. To achieve creative understanding of this knowledge gap, 

the objectives of this thesis were to develop a novel technique to determine the mass transfer rate 

under flow boiling condition experimentally. This goal have been fulfilled step by step and the 

following conclusions were obtained: 

  

(1) Under the bulk boiling condition, the mass transfer coefficients of oxygen and 

ferricyanide were measured using a rotating cylinder electrode in under a simulated flow 

condition. An empirical correlation was proposed that works for both species under the 

non-boiling condition. It was found that due to the generation and rupture of the boiling 

bubbles, the mass transfer rates obtained under the bulk boiling condition were 38% 

higher than those obtained just below the boiling point. 

 

(2) Under pool boiling condition, a novel experimental setup was constructed to implement 

the direct electrochemical measurement on nucleate boiling surface thus investigate the 

mass transfer behavior under pool boiling condition. Successful measurements have been 

obtained using the new device, which is the first time according to the open literature. It 

was found that the increase of the mass transfer coefficient of hydrogen peroxide was 

faster than that of ferricyanide ions with increasing heat flux. This result could be 
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attributed to the fact that the mass transfer of ferricyanide ions only occurs through the 

liquid phase, while the mass transfer of hydrogen peroxide could occur through both the 

liquid and vapor phases of the reaction. Furthermore, an empirical equation was proposed 

and proven to work for predicting the mass transfer rate for potassium ferricyanide under 

nucleate boiling conditions.  

 

(3) Under flow boiling condition, a novel electrochemical flow loop system was designed 

and constructed to develop a technique of direct flow boiling mass transfer measurement. 

Aspiringly, this flow loop system successfully accomplished the first in-situ mass 

transfer measurement under the flow boiling condition. Furthermore, a new correlation 

represents the experimental data within 10 % of error for mass transfer under the flow 

boiling condition was proposed. The above work made valuable contribution on the mass 

transfer study under flow boiling condition. This correlation filled the knowledge gap for 

the mass transfer under flow boiling condition and provides reference for the future 

studies. 
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Chapter 6 Recommendations and future work 

 

In the present study, two new experimental setups were constructed. These setups allowed us to 

measure the mass transfer behavior under pool boiling and flow boiling conditions. The mass 

transfer behavior of different species under bulk boiling, subcooled boiling and fully developed 

nucleate boiling conditions was studied. Furthermore, the mass transfer coefficient under the 

flow boiling condition was successfully detected for the first time. This was a very inspiring and 

the results can be applied to wide area.  

 

In order to conduct more accurate measurement and expand the operating parameter range, the 

flow loop can be further revised based on the following aspects: 

 

(1) The current pump can be updated to a more accurate and high flow rate pump, for 

example Agilent SD-1 Solvent Delivery Module, to allow higher pressure and higher 

flow rate experiments.  

 

(2) The design of the preheating re-boiler could change to a tubing coil structure. It means 

insert a stainless steel tubing coil inside the original re-boiler vessel, and the working 

fluid will flow inside the tubing coil during the preheating process. While silicon oil can 

be used to fill the re-boiler vessel work as the heating media. This design could reduce 

the operating pressure inside the vessel, reduce the reaction time and increase the stability 

of the experiment.  
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(3) The heating oil could change from SIL 180 to SIL 300 or other high temperature heating 

oil, to enable up to 300 °C oil temperature and expand the reachable boiling regime.  

 

By updating the flow loop device, more experimental work could be done to allow further 

investigation of mass transfer in flow boiling regime: 

 

(1) Increasing operating parameters such as temperature, flow rate, different concentrations 

of electro-active species and different operating pressures. The onset of the nucleate 

boiling point and the mass transfer behavior in that region would be interesting to study.   

 

(2) More species, such as Cu, could be used as reaction agents to compare current results 

under different conditions. 

 

(3) A theoretical model of the mass transfer could be created from a single bubble under the 

boiling condition. The experimental results could be used to confirm and revise the 

modeling work.  
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Speed (RPM) Velocity (v, m/s) k (m/s) Sh Re 

 
Dissolved oxygen concentration 8.83 ppm 

100 0.06 6.27E-05 421.22 733.27 
500 0.31 1.32E-04 885.50 3666.35 
900 0.56 1.87E-04 1256.67 6599.44 

1700 1.05 2.96E-04 1991.02 12465.60 
2500 1.55 3.55E-04 2386.48 18331.77 

3300 2.04 4.30E-04 2889.63 24197.93 
 
Dissolved oxygen concentration 4.41 ppm 

100 0.06 6.85E-05 460.21 733.27 
500 0.31 1.54E-04 1036.30 3666.35 

900 0.56 2.10E-04 1411.38 6599.44 
1700 1.05 3.20E-04 2151.77 12465.60 
2500 1.55 3.72E-04 2496.97 18331.77 

3300 2.04 4.21E-04 2829.73 24197.93 
 

Dissolved oxygen concentration 2.21 ppm 
100 0.06 8.09E-05 543.27 733.27 
500 0.31 1.50E-04 1005.10 3666.35 

900 0.56 2.27E-04 1521.84 6599.44 
1700 1.05 3.28E-04 2204.49 12465.60 

2500 1.55 4.12E-04 2768.85 18331.77 
3300 2.04 4.84E-04 3250.82 24197.93 
 

Dissolved oxygen concentration 0.44 ppm 
100 0.06 2.27E-04 1523.66 733.27 

500 0.31 3.36E-04 2255.21 3666.35 
900 0.56 4.57E-04 3069.58 6599.44 
1700 1.05 5.27E-04 3540.72 12465.60 

2500 1.55 5.97E-04 4007.99 18331.77 
3300 2.04 6.80E-04 4568.20 24197.93 

 

  



 148 

Table A-2. Experimental data for oxygen reaction conducted under temperature of 40 ºC 

Speed (RPM) Velocity (v, m/s) k (m/s) Sh Re 

 
Dissolved oxygen concentration 6.39 ppm 
100 0.06 9.20E-05 389.39 1088.08 

500 0.31 2.15E-04 908.53 5440.38 
900 0.56 3.07E-04 1300.21 9792.68 

1700 1.05 5.07E-04 2145.69 18497.28 
2500 1.55 6.44E-04 2727.80 27201.88 
3300 2.04 8.06E-04 3410.40 35906.48 

 
Dissolved oxygen concentration 3.20 ppm 

100 0.06 1.13E-04 478.25 1088.08 
500 0.31 2.32E-04 983.13 5440.38 
900 0.56 3.34E-04 1412.31 9792.68 

1700 1.05 5.00E-04 2115.05 18497.28 
2500 1.55 6.21E-04 2630.46 27201.88 

3300 2.04 7.25E-04 3070.00 35906.48 
 
Dissolved oxygen concentration 1.60 ppm 

100 0.06 1.42E-04 602.81 1088.08 
500 0.31 2.73E-04 1153.82 5440.38 
900 0.56 3.46E-04 1466.13 9792.68 

1700 1.05 5.41E-04 2290.76 18497.28 
2500 1.55 7.09E-04 2999.83 27201.88 

3300 2.04 8.18E-04 3462.73 35906.48 
 
Dissolved oxygen concentration 0.32 ppm 

100 0.06 3.12E-04 1319.48 1088.08 
500 0.31 4.85E-04 2054.54 5440.38 

900 0.56 5.91E-04 2501.33 9792.68 
1700 1.05 7.92E-04 3351.18 18497.28 
2500 1.55 9.70E-04 4107.52 27201.88 

3300 2.04 1.18E-03 5009.24 35906.48 
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Table A-3. Experimental data for oxygen reaction conducted under temperature of 60 ºC 

Speed (RPM) Velocity (v, m/s) k (m/s) Sh Re 

 
Dissolved oxygen concentration 4.79 ppm 
100 0.06 1.24E-04 367.17 367.17 

500 0.31 3.06E-04 903.69 903.69 
900 0.56 4.16E-04 1229.72 1229.72 

1700 1.05 6.87E-04 2030.53 2030.53 
2500 1.55 8.79E-04 2596.82 2596.82 
3300 2.04 1.10E-03 3246.19 3246.19 

 
Dissolved oxygen concentration 2.40 ppm 

100 0.06 1.71E-04 505.34 1537.01 
500 0.31 3.19E-04 942.94 7685.07 
900 0.56 4.71E-04 1391.47 13833.12 

1700 1.05 7.34E-04 2169.21 26129.23 
2500 1.55 9.57E-04 2827.80 38425.34 

3300 2.04 1.12E-03 3307.14 50721.45 
 
Dissolved oxygen concentration 1.20 ppm 

100 0.06 1.64E-04 484.21 1537.01 
500 0.31 3.46E-04 1023.05 7685.07 
900 0.56 4.83E-04 1427.61 13833.12 

1700 1.05 7.83E-04 2312.24 26129.23 
2500 1.55 9.49E-04 2803.68 38425.34 

3300 2.04 1.20E-03 3540.87 50721.45 
 
Dissolved oxygen concentration 0.24 ppm 

100 0.06 4.56E-04 1347.21 1537.01 
500 0.31 8.58E-04 2536.01 7685.07 

900 0.56 1.07E-03 3157.65 13833.12 
1700 1.05 1.25E-03 3705.96 26129.23 
2500 1.55 1.31E-03 3865.32 38425.34 

3300 2.04 1.80E-03 5312.32 50721.45 
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Table A-4. Experimental data for oxygen reaction conducted under temperature of 80 ºC 

Speed (RPM) Velocity (v, m/s) k (m/s) Sh Re 

 
Dissolved oxygen concentration 3.04 ppm 
100 0.06 1.81E-04 403.20 1982.88 

500 0.31 3.89E-04 865.69 9914.40 
900 0.56 4.97E-04 1106.26 17845.93 

1700 1.05 7.82E-04 1741.58 33708.97 
2500 1.55 9.76E-04 2174.37 49572.02 
3300 2.04 1.22E-03 2708.48 65435.06 

 
Dissolved oxygen concentration 1.52 ppm 

100 0.06 2.15E-04 479.08 1982.88 
500 0.31 4.08E-04 908.99 9914.40 
900 0.56 5.52E-04 1229.90 17845.93 

1700 1.05 9.36E-04 2085.32 33708.97 
2500 1.55 1.10E-03 2439.06 49572.02 

3300 2.04 1.20E-03 2670.59 65435.06 
 
Dissolved oxygen concentration 0.76 ppm 

100 0.06 2.55E-04 567.88 1982.88 
500 0.31 5.00E-04 1113.35 9914.40 
900 0.56 7.54E-04 1678.05 17845.93 

1700 1.05 1.21E-03 2705.64 33708.97 
2500 1.55 1.46E-03 3242.99 49572.02 

3300 2.04 1.55E-03 3449.38 65435.06 
 
Dissolved oxygen concentration 0.15 ppm 

100 0.06 1.16E-03 2572.11 1982.88 
500 0.31 1.52E-03 3383.71 9914.40 

900 0.56 1.78E-03 3957.21 17845.93 
1700 1.05 1.96E-03 4363.33 33708.97 
2500 1.55 2.09E-03 4653.68 49572.02 

3300 2.04 2.22E-03 4933.26 65435.06 
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Table A-5. Experimental data for ferricyanide reaction under the concentration of 0.01 mol/L 

Speed (RPM) Velocity (v, m/s) k (m/s) Sh Re 

 
Reaction temperature 20 ºC 
100 0.06 2.69E-05 492.35 733.27 

500 0.31 7.40E-05 1356.22 3666.35 
900 0.56 1.08E-04 1982.58 6599.44 

1700 1.05 1.66E-04 3044.78 12465.60 
2500 1.55 2.24E-04 4109.54 18331.77 
3300 2.04 2.81E-04 5154.43 24197.93 

 
Reaction temperature 40 ºC 

100 0.06 3.72E-05 427.94 1088.08 
500 0.31 1.11E-04 1282.04 5440.38 
900 0.56 1.69E-04 1949.30 9792.68 

1700 1.05 2.53E-04 2914.80 18497.28 
2500 1.55 3.65E-04 4200.81 27201.88 

3300 2.04 4.17E-04 4795.63 35906.48 
 
Reaction temperature 60 ºC 

100 0.06 5.42E-05 411.22 1537.01 
500 0.31 1.58E-04 1197.39 7685.07 
900 0.56 2.33E-04 1766.99 13833.12 

1700 1.05 3.74E-04 2833.07 26129.23 
2500 1.55 4.83E-04 3663.25 38425.34 

3300 2.04 5.93E-04 4493.07 50721.45 
 
Reaction temperature 100 ºC (bulk boiling condition) 

100 0.06 2.00E-04 835.21 1982.88 
500 0.31 3.35E-04 1399.76 9914.40 

900 0.56 4.96E-04 2070.73 17845.93 
1700 1.05 8.38E-04 3502.31 33708.97 
2500 1.55 1.15E-03 4821.96 49572.02 

3300 2.04 1.39E-03 5807.96 65435.06 
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A.1.2 Data for Phase II 

Table A-6. Experimental data for ferricyanide reaction under pool boiling condition with the 

concentration of 0.01 mol/L  

Inlet T2 (ºC) Outlet T3 (ºC) q (kW/m2) iL (A/cm2) k (m/s) 

 

Surface roughness 0.1 µm 
132.8 131.4 23.53 2.78E-03 2.89E-05 
162 159.5 43.71 7.06E-03 7.32E-05 

141.3 139.45 26.28 4.58E-03 4.75E-05 
149.92 147.75 31.14 5.62E-03 5.83E-05 

161.03 158.49 34.42 6.13E-03 6.35E-05 
170.15 167.08 41.90 6.63E-03 6.88E-05 
163.76 162.36 50.69 7.21E-03 7.47E-05 

143.55 142.53 32.42 5.86E-03 6.07E-05 
153.53 152.31 39.35 6.26E-03 6.49E-05 

143.75 142.69 35.05 3.89E-03 4.03E-05 
173 171.13 63.82 7.90E-03 8.19E-05 
     

Surface roughness 0.2 µm 
163.32 161.6 71.29 9.00E-03 9.33E-05 
143.44 142.19 46.17 7.22E-03 7.49E-05 

172.96 170.98 73.85 9.83E-03 1.02E-04 
143.73 142.51 45.36 7.52E-03 7.80E-05 

153.52 152.2 48.82 7.97E-03 8.26E-05 
132.53 131.24 32.09 6.20E-03 6.43E-05 
163.67 161.45 57.13 8.31E-03 8.62E-05 

132.33 131.14 25.50 5.03E-03 5.21E-05 
153.47 151.63 41.07 7.05E-03 7.31E-05 

143.23 141.69 38.74 6.90E-03 7.15E-05 
173.17 170.55 67.29 8.94E-03 9.26E-05 
140.75 139.39 19.82 3.00E-03 3.11E-05 

157.34 155.03 35.33 6.73E-03 6.98E-05 
152.1 150.27 30.27 6.24E-03 6.47E-05 

171.03 168.41 43.89 7.00E-03 7.25E-05 
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Inlet T2 (ºC) Outlet T3 (ºC) q (kW/m2) iL (A/cm2) k (m/s) 

 
Surface roughness 0.95 µm 
133.83 133.05 24.89 5.64E-03 5.84E-05 

163.54 162.12 48.40 8.25E-03 8.55E-05 
143.84 142.9 32.10 6.45E-03 6.69E-05 

153.69 152.4 46.12 8.28E-03 8.58E-05 
173.34 171.28 75.09 1.08E-02 1.12E-04 
143.54 142.43 39.38 6.87E-03 7.13E-05 

173.14 171.03 78.19 1.09E-02 1.13E-04 
132.17 130.68 26.91 5.85E-03 6.06E-05 

172.35 169.28 57.57 8.44E-03 8.75E-05 
161.62 159.35 39.26 7.28E-03 7.54E-05 
141.86 140.18 32.47 7.13E-03 7.39E-05 

151.76 149.67 41.04 7.74E-03 8.02E-05 
132.73 131.62 27.07 5.98E-03 6.20E-05 

163.45 161.39 52.80 8.10E-03 8.40E-05 
143.01 141.36 37.51 6.69E-03 6.94E-05 
152.71 150.77 44.51 8.03E-03 8.33E-05 

132.55 131.43 25.79 5.72E-03 5.93E-05 
173.25 170.58 65.54 9.07E-03 9.40E-05 
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Table A-7. Experimental data for ferricyanide reaction under subcooled boiling condition with 

the concentration of 0.01 mol/L 

Inlet T2 (ºC) Outlet T3 (ºC) q (kW/m2) iL (A/cm2) k (m/s) 

 

Set 1      
161.98 160.2 66.38 1.02E-03 1.06E-05 

162.48 160.7 66.29 3.00E-03 3.11E-05 
162.49 160.71 66.29 3.12E-03 3.24E-05 
162.55 160.72 68.45 3.25E-03 3.37E-05 

162.44 160.66 66.30 3.32E-03 3.44E-05 
162.41 160.62 66.74 3.42E-03 3.55E-05 

162.46 160.66 67.16 3.57E-03 3.70E-05 
162.43 160.65 66.30 3.71E-03 3.84E-05 
162.41 160.68 64.13 3.81E-03 3.95E-05 

162.46 160.69 65.86 3.89E-03 4.03E-05 
162.26 160.51 65.03 4.10E-03 4.25E-05 

162.29 160.43 69.80 4.27E-03 4.43E-05 
162.23 160.53 62.86 4.55E-03 4.72E-05 
162.24 160.44 67.20 4.88E-03 5.06E-05 

162.2 160.37 68.51 5.10E-03 5.28E-05 
162.11 160.3 67.66 5.28E-03 5.48E-05 
161.78 159.94 69.01 6.67E-03 6.91E-05 

     
Set 2     

163.34 162.16 52.17 4.65E-03 4.82E-05 
163.32 162.14 52.17 4.84E-03 5.02E-05 
163.27 162.09 52.19 5.05E-03 5.23E-05 

163.29 162.1 52.75 5.30E-03 5.49E-05 
163.27 162.09 52.19 5.79E-03 6.00E-05 

163.33 162.14 52.74 6.06E-03 6.28E-05 
163.3 162.17 49.35 6.45E-03 6.68E-05 
163.46 162.35 48.17 6.47E-03 6.71E-05 

163.49 162.37 48.73 5.95E-03 6.17E-05 
163.46 162.35 48.17 5.71E-03 5.92E-05 

163.37 162.29 46.50 5.27E-03 5.46E-05 
163.27 162.16 48.22 5.07E-03 5.25E-05 
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Table A-8. Experimental data for hydrogen peroxide reaction under pool boiling condition with 

the concentration of 0.00195 mol/L  

Inlet T2 (ºC) Outlet T3 (ºC) q (kW/m2) iL (A/cm2) k (m/s) 

 

Surface roughness 0.1 µm 
132.01 130.16 31.76 1.36E-03 3.61E-05 

142.32 140.21 36.51 2.69E-03 7.14E-05 
153.48 150.99 46.83 3.53E-03 9.39E-05 
163.73 160.83 54.70 4.50E-03 1.19E-04 

132.57 131.21 32.70 1.96E-03 5.21E-05 
142.89 141.15 42.90 3.11E-03 8.25E-05 

152.58 150.37 56.85 4.39E-03 1.17E-04 
163.51 160.98 65.07 5.54E-03 1.47E-04 
132.31 131.18 39.57 3.86E-03 1.02E-04 

142.35 141.05 46.18 5.11E-03 1.36E-04 
152.28 150.6 59.71 6.03E-03 1.60E-04 

162.34 160.46 66.55 6.46E-03 1.72E-04 
 
Surface roughness 0.95 µm 

131.97 130.17 31.62 1.64E-03 4.35E-05 
142.74 140.68 36.49 2.88E-03 7.66E-05 
153.78 151.29 46.24 3.97E-03 1.05E-04 

163.61 160.58 56.70 4.83E-03 1.28E-04 
132.38 131.23 41.37 4.17E-03 1.11E-04 

142.47 141.17 47.29 5.47E-03 1.45E-04 
152.43 150.85 55.63 6.34E-03 1.69E-04 
162.87 160.96 67.69 7.08E-03 1.88E-04 

152.81 150.83 50.65 4.70E-03 1.25E-04 
163.49 161.06 62.65 5.97E-03 1.59E-04 

132.01 130.58 36.52 2.37E-03 6.30E-05 
142.5 140.89 41.46 3.51E-03 9.33E-05 
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A.1.3 Data for Phase III 

Table A-9. Experimental data for hydrogen peroxide reaction under single-phase condition with 

the concentration of 0.002 mol/L.  

Temperature (ºC) Pressure (kPa) Flow rate (kW/m2) iL (A/cm2) k (m/s) 

 

22 445 8.9 3.84E-04 9.96E-06 
22 445 12.2 4.03E-04 1.04E-05 
22 445 17.0 4.62E-04 1.20E-05 

22 445 29.2 6.20E-04 1.61E-05 
22 445 44.6 7.36E-04 1.91E-05 

     
80 445 8.9 1.10E-03 2.85E-05 
80 445 12.2 1.09E-03 2.82E-05 

80 445 17.0 1.31E-03 3.38E-05 
80 445 29.2 1.82E-03 4.72E-05 

80 445 44.6 2.04E-03 5.30E-05 
     
100 445 8.9 1.37E-03 3.56E-05 

100 445 12.2 1.41E-03 3.66E-05 
100 445 17.0 1.54E-03 3.99E-05 
100 445 29.2 2.58E-03 6.69E-05 

100 445 44.6 2.83E-03 7.34E-05 
     

120 445 8.9 1.48E-03 3.83E-05 
120 445 12.2 1.55E-03 4.02E-05 
120 445 17.0 1.68E-03 4.34E-05 

120 445 29.2 2.82E-03 7.30E-05 
120 445 44.6 3.20E-03 8.29E-05 

     
22 100 17.0 4.33E-04 1.12E-05 
22 238 17.0 4.44E-04 1.15E-05 

22 514 17.0 4.75E-04 1.23E-05 
22 583 17.0 4.82E-04 1.25E-05 

22 652 17.0 4.98E-04 1.29E-05 
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Temperature (ºC) Pressure (kPa) Flow rate (kW/m2) iL (A/cm2) k (m/s) 

 
80 100 17.0 1.25E-03 3.24E-05 

80 238 17.0 1.25E-03 3.23E-05 
80 514 17.0 1.39E-03 3.61E-05 
80 583 17.0 1.43E-03 3.69E-05 

80 652 17.0 1.45E-03 3.76E-05 
     

100 514 17.0 1.60E-03 4.14E-05 
100 583 17.0 1.61E-03 4.17E-05 
100 652 17.0 1.70E-03 4.40E-05 

     
120 514 17.0 1.69E-03 4.39E-05 

120 583 17.0 1.78E-03 4.61E-05 
120 652 17.0 1.84E-03 4.76E-05 
     

 

 

Table 6-1. Experimental data for hydrogen peroxide reaction under flow boiling condition with 

the concentration of 0.002 mol/L.  

Inlet T2  

(ºC) 

Outlet T3  

(ºC) 

Flow rate  

(kW/m2) 

Pressure 

(kPa) 

q  

(kW/m2) 

iL  

(A/cm2) 

k  

(m/s) 

       
144.21 141.23 8.9 100 223.057644 1.84E-03 4.77E-05 
139.41 136.07 12.2 100 250.004205 2.95E-03 7.65E-05 

136.25 133.25 12.2 100 224.554675 2.79E-03 7.24E-05 
136.42 132.91 17.0 100 262.72897 3.02E-03 7.83E-05 

132.13 129.06 29.2 100 229.794284 3.03E-03 7.85E-05 
137.81 133.93 44.6 100 290.424046 3.70E-03 9.58E-05 
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Appendix B Calculations 

B.1 Sample calculation  

B.1.1 Calculation of dissolved oxygen concentration. 

In order to calculate the mass transfer coefficient the oxygen concentration has to be calculated 

first. The concentration of dissolved oxygen under different temperatures will be calculated by 

Henry’s law which indicated that the amount of a given gas that dissolves in a given type and 

volume of liquid is directly proportional to the partial pressure of that gas in equilibrium with 

that liquid.  

 

                                                               (B.1) 

 

where p is the partial pressure of the solute in the gas phase above the solution, C is the 

concentration of the solute and KH is a Henry’s law constant with the dimensions of pressure 

divided by concentration. Therefore, we can control the concentration of dissolved oxygen by 

control the partial pressure of oxygen in the experimental atmosphere. 

 

The partial pressure of a certain gas is proportional to the mole ratio of that gas in the 

environment, therefore the oxygen partial pressure is controlled by the mole ratio of the oxygen 

in the inlet gas flow and the gas is bubbled continually in to the reactor during the reaction in 

order to keep that ratio constant. The value of oxygen mole ratio was controlled at 1%, 5%, 10% 

and 20% at the inlet.  
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For the calculation of KH, a semiempirical correlation have been given by Harvey[1] over large 

temperature range: 

 

            
  

  
  

             

  
     

               
                      

 

Where A1, A2 and A3 are the parameters and the values are -9.4025, 4.4923 and 11.3387 for O2 in 

water, T* is the reduced temperature which equal to T/Tc; and Tc is the solvent’s critical 

temperature, for water it is 647.096 K.  

  

Pl is the solvent vapor pressure and can be calculated using the equation given by Saul and 

Wagner[2]: 

 

                        
       

     
       

     
            (B.3) 

 

Where a1~a6 are constant, the values are: a1 = -7.85823, a2 = 1.89391, a3 = -11.7811, a4 = 

22.6705, a5 = -15.9393, a6 = 1.77516, Pc is the critical pressure for water which is 22064 kPa and 

τ = 1-T*.  

 

The dissolved oxygen concentration then can be calculated based on the Eq. (A-1), the results is 

shown in the Figure A-1. As it can be observed, the concentration of dissolved oxygen decreased 

with the increase of temperature when the temperature is below 100 ºC and will increase after 

that. The dissolved concentration of O2 of 20% O2 at temperature of 20 ºC and 40 ºC are 8.95 
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and 6.73 ppm, respectively. These data have been used in the Phase I study to calculate the mass 

transfer coefficient. 
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Figure B-1. Calculation results of dissolved O2 concentration 

B.1.2  Sample mass transfer coefficient calculation 

 
There are a large number of parameters that need to be calculated in this thesis. The calculation 

has not been given by very detail due to the length control. In this section, a sample calculation 

of important such as mass transfer coefficient, Sherwood number, heat flux and the error bars is 

given. The data and constant used here is from Phase II experiment. 

 

The experiment was mass transfer measurement of ferricynade on fully developed nucleated 

boiling surface, conducted on the date Sep. 4th 2013. The concentration of ferricynade C is 0.01 

mol/L, the measured limiting current density is 0.00803 A/cm2, the diffusivity of ferricynade at 

saturation electrolyte temperature (100 ºC) is 2.83x10-9 m2/s, surface area of the specimen A  is 
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0.00149 m2, the inlet oil temperature T2 is 152.71 ºC, out let oil temperature T3 is 150.77 ºC, the 

flow rate of the m oil is 0.025 kg/s and the heat capacity of oil is 1.51 kJ/kg K.  

 

The mass transfer coefficient can be calculated as:  

 

    
  

    

 
       

 
   

       
   
        

   
 

               

 

(B.4) 

 

The error of mass transfer coefficient can be estimated as: 

 

 
LL iLi i  2003.0                                                        (B.5) 
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The Sherwood number can be calculated as: 
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The heat flux can be calculated as: 
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This data was showed in Figure 3-8 (a), at Chapter 3 Phase II.  

 

B.2 Calculation for design of phase III 

B.2.1 Solution tank 

The volume of the tank is estimated base on the experiment lasting 3 hours for the maximum 

flow rate.  

 

      
      

      
 

                              

           
          

(B.12) 

 

Therefore, the total volume for each solution tank would be around 200 L, the 55 gallon stainless 

steel drum (McMaster-Carr) was selected as the solution tank.  

 

B.2.2 Pre heater  

The power of preheater was calculated using the following equations. In our loop, the heating 

power is selected to be less than 20 kW due to the limitation of the power availability.  
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              (B.13) 

    
 

      
  

          

           
          

(B.14) 

                          

                                                   

(B.15) 

                     

                                                   

(B.16) 

                            (B.17) 

 

Therefore the selected flow rate is under the limitation of the preheater.  

 

B.2.3 Entrance length 

The entrance length Le for the electrochemical flow cell was calculated using the following 

equations [3]: 

 

Hydraulic diameter, D 

  
           

                            
 

 
     

    
  

         
              

(B.18) 

   
     

 
      

(B.19) 

 

For laminar flow for maximum Re=2100 
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                                     (B.20) 

 

For turbulent flow, even for Re as high as 80000: 

 

           
 
                  

 
         

(B.21) 

 

Therefore the 0.78 m was selected as the design entrance length.  

 

Table B-1. Dimensions of the flow loop and electrochemical flow cell as well as the operating 

range. 

Descriptions                                                                  Dimensions 

Outer tube (Stainless Steel) 19.05mm OD; 15.75 mm, ID 

Inner tube (Alloy 800) 9.53mm OD; ID=7.80 mm ID 

Entrance length 0.78 m 

Total length of the cell 1.6 m 

Surface roughness Ra = ~ 1 μm 

Operating Conditions 

Temperature  200 °C 

Pressures 6.2 Mpaa  

Heat flux at the working electrode surface Up to 300 kW/m2 

Working Fluid mass flow rate Up to 50 kg/m2s 
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Appendix C Effect of Boiling Bubbles on Passivation 

Degradation of Alloy 800 in Thiosulphate-containing Aqueous 

Solution 

C.1 Introduction 

 

Alloy 800 has been widely used in steam generators (SGs) tubing materials in CANada 

Deuterium Uranium (CANDU®TM) reactors and German designed Pressurized Water Reactor 

(PWR) systems due to its excellent strength and corrosion resistance [1, 2]. Although SG tubes 

eventually approach their design lifetime, Alloy 800 SG tubing degradation has been found in a 

very small number of cases [3]. Concentrated impurities in local aggressive environments [4, 5] 

are key factors in material degradation such as pitting and stress cracking corrosion (SCC). 

Sulphate is a major impurity in SG feed water; it can be reduced to sulphide and deposited within 

tube sheet crevices, assisted by hydrazine (N2H4) during full power operating conditions. 

Sulphide can also be oxidised to thiosulphate/polythionate under oxidizing conditions that occur 

during shutdown stage [6, 7]. Thiosulphate (S2O3
2−) is one of the most aggressive intermediate 

oxidation state of sulphur and the effect  is more severe in the presence of the common impurity 

chloride, Cl− [7, 8]. The combined effect of thiosulphate and chloride ions has been reported to 

lower the pitting potentials for 304 stainless steel, Alloy 600 and Alloy 690 in neutral chloride 

solutions [8-11]. Corrosion degradation of Alloy 800 have been experimentally investigated from 

room temperature up to 300 °C using various electrochemical methods such as electrochemical 

impedance spectroscopy (EIS), electrochemical noise (EN), polarization curve, and scanning 

electrochemical microscope (SECM), etc. [12-16]. Several semi-empirical models such as 

electrochemical equivalent circuit, point defect, energy-band [17-20] have been developed for 
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corrosion degradation of the passive films at different temperatures. However, there are limited 

investigations conducted under flow boiling conditions which are the common working 

condition in SG, involving elevated temperature, vapour generation and gas- liquid two-phase 

flow [21, 22]. Most of the previous high temperature studies took place in autoclaves where 

continuous boiling was not likely to occur [15, 23]. Thus the effect of boiling bubbles on the 

corrosion behavior of Alloy 800 is still unknown. In the open literature, the experimental studies 

on material degradation under two-phase boiling conditions are scarce.  

 

In this study, the effects of boiling bubbles on sulphur-induced passivity degradation of Alloy 

800 in simulated crevice chemistry have been investigated using electrochemical and surface-

analysis techniques. The effects and possible mechanisms of boiling bubbles on sulphur- induced 

passivity degradation are discussed. 

 

C.2 Experimental 

C.2.1 Experimental set up 

 
A schematic diagram of the experimental set-up is shown in Fig. 1. A modulated speed rotator 

(Pine Instrument Co.) was used to provide variable rotating speed and conductivity from a 

rotating shaft to the specimen. A section in 10 mm length of an Alloy 800 (Sandvik, heat number 

516809) heat exchange tube with inner and outer diameters of 15.8 mm, 13.4 mm, respective ly, 

was used as the specimen. The composition of this alloy is: Fe 43.20, Ni 32.78, Cr 21.78, Mn 

0.50, Ti 0.48, Si 0.46, Al 0.29, Cu 0.02, C 0.017, N 0.016, P 0.012, Co 0.01, and S 0.001 wt.%. 

A platinum coil circle around the specimen with a circle diameter of 60 mm was used as the 

counter electrode. An Ag/AgCl reference electrode (Fisher Scientific) with an operating 
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temperature range of -5 °C to +110 °C was utilized to provide the reference potential during the 

experiment. All potentials reported have been converted to standard hydrogen potentials (SHE) 

at the corresponding temperature using the following correlation[24]:   

 

                                                                       

Where  

                                                                               

 

The temperature of the electrolyte was controlled using an external oil-circulating bath (Cole-

Parmer PolyStat Co.) in a temperature range from room temperature (20 °C) to boiling. A 

condenser was used to maintain the constant electrolyte concentration. This set-up allows us to 

simulate the flow boiling conditions needed to study flow enhanced material degradation. An SI 

1287 Electrochemical Interface (Solartron Analytical Co.) was used as the electrochemical 

station to conduct all the electrochemical measurements. Composition of the testing electrolyte is 

listed in Table C-1. 

Table C-1. Composition of testing electrolyte 

Composition NaCl KCl CaCl2 Na2S2O3 pH20°C 

Concentration 

(mol/L at 20 °C) 

0.30 0.05 0.15 0.075 7.01 
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Figure C-1. Rotating electrode electrochemical experimental set-up. 

 
C.2.2  Experimental procedure 

 
Before each test, the specimens were grounded using 600#, 800# and 1200# grit sand papers and 

rinsed with distilled water followed by ethanol. Then, the specimens were air dried in a 

desiccator for 12 hours. All the test solutions were de-aerated with high purity Argon (99.99%) 

for 2 hours before each test. Argon flow was maintained throughout the electrochemical 

measurements to eliminate the presence of oxygen in the experiments.  

 

To investigate the surface electrode reaction, cyclic voltammetry (CV) was performed by 

sweeping the potential in the passivity region according to polarization curves and then in the 

reverse direction back to the initial value at the potential scan rate of 50 mV s−1. Before each CV 

test, the specimen was cathodic polarized (−1.2 VSHE) for 15 minutes trying to get a fresh metal 

surface. 
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The same cathodic polarization (−1.2 VSHE) was applied for the specimen for 15 minutes as the 

initial conditioning step to reduce the air-formed oxide film on the specimen surface. Then, the 

specimen was immersed in the de-aerated test solutions at open-circuit overnight before the 

potentiodynamic and EIS measurements. 

 

Potentiodynamic polarization curves were measured by sweeping the potential in the positive 

direction at 0.1667 mV/s until the current density reached 1 mA/cm2. EIS measurements were 

performed at the free corrosion potential with an AC potential signal of 10 mV amplitude and the 

frequencies from 100 kHz to 0.01 Hz. The results were analyzed using an equivalent circuit to 

evaluate the resistance of the anodic film at different solution temperatures. For the 

reproducibility, at least 3 measurements were performed for each specimen. 

 

Scanning electron microscopy (SEM) analyses were carried out to test the surface morphology of 

corrosion pits on the specimens after electrochemical measurements using a field-emission 

scanning electron microscope (FE-SEM, Hitachi, Japan) equipped with Genesis XM2 energy 

dispersive spectroscopy (EDS).  

 

Time-of- flight secondary ion mass spectrometry (ToF SIMS) analysis was carried out using a 

ToF SIMS IV instrument (ION-ToFGmbh) to test the depth profiles of the main elements in the 

anodic films formed at the different solution temperatures. The information depth of ToF SIMS 

analysis is limited to the top 1-20 monolayers. Ions from mass 1 (hydrogen) to ∼9000 amu 

(cluster ions) were detected with resolutions in the range of 1 ppb to ppm concentrations (by 
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weight), depending on the element. In the current work, the analysis source used was Ga+, 

operating at 15 kV; the sputtering source was Cs+, operating at 1 kV. The samples were 

immersed in the solution for 7 days at different temperatures and then cleaned with distilled 

water before the SIMS test.  

 

X-ray photoelectron spectroscopy (XPS) measurements were performed using an Axis-ULTRA 

spectrometer (Kratos Analytical) controlled by a SUN workstation to test the valance of main 

elements in the anodic films. Photoelectron emission was excited by an aluminum 

(monochromatised) source operated at 210 W with initial photon energy of 1486.71 eV. The 

survey spectra were recorded in steps of 0.33 eV using 160 eV pass energy, and high-resolution 

spectra were taken in steps of 0.1 eV using 20 eV pass energy. The base pressure was 

approximately 5 × 10−10 Torr. The photoelectrons were collected at a take-off angle of 90° with 

respect to the sample surface. The C1 peak at 284.6 eV from adventitious carbon was used as a 

reference to correct for charging shifts. The samples were immersed in the solution for 7 days at 

different temperatures before the SIMS test. Specimens were cleaned using distilled water, 

before each test. The binding energies for the targeted components are listed in Table C-2.  
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Table C-2. Binding energies of XPS peaks 

Element Species Binding Energy (eV) References 

 
 
S 

SO4
2- (2p) 168.1-169.4 Neal et al. (2001) [25] 

Lindberg et al. (1970) [26] 

SO3
2- (2p) 166.0-167.0 

 

Yuan et al. (2013) [27]  

Siriwardane et al. (1986) [28] 

S0 (2p) 164.4 Pratt et al. (1994) [29] 

S2- (2p) 162.5 Mycroft et al. (1990) [30] 

 
 

Fe 

Fe0 (2p 3/2) 707.2 Lu et al. (2013) [31] 

Fe0 (2p 1/2) 720.2 NIST (2000) [32] 

FeS (2p 3/2) 710.1 Smestad et al. (1990) [33] 

Fe2+
OX (2p 3/2) 710.5 NIST (2000) [32] 

 

Ni 

Ni0 (2p 3/2) 852.8 Tabet et al. (2002) [34] 

Ni0 (2p 1/2) 870.1 Tabet et al. (2002) [34] 

NiS (2p 3/2) 855.6 NIST (2000) [32] 

Ni2+
OH (2p 3/2) 856.0 Lu et al. (2013) [31] 

 
 

 
 

Cr 

Cr0 (2p 3/2) 573.9 Hamm et al. (2002) [35] 

Cr0 (2p 1/2) 583.0 Hamm et al. (2002) [35] 

Cr3+
OX (2p 3/2) 576.1 Lu et al. (2013) [31] 

Cr3+
OX (2p 1/2) 585.5 Lu et al. (2013) [31] 

Cr3+
OH (2p 3/2) 577.6 NIST (2000) [32] 

Cr3+
OH (2p 1/2) 587.7 NIST (2000) [32] 
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C.3 Results and discussion  

C.3.1 Corrosion potential 

 

Figure C-2 shows the corrosion potential of Alloy 800 in de-aerated solution as a function of 

temperatures. Below the boiling point, the corrosion potential decreases with increasing the 

solution temperature (Ecorr1 > Ecorr2 > Ecorr3). Increasing the solution temperature accelerates both 

anodic and cathodic reactions. However, the acceleration rate of anodic reactions is higher than 

that of cathodic reaction [36], thus the corrosion potential presents a negative shift in the Evans 

diagram. This result is consistent with the result reported in the literature [37] for Alloy 625. The 

corrosion potential shifts positively under the boiling condition (Ecorr3 < Ecorr4) compared to the 

condition just below boiling point (99 °C). The effect of temperature could be excluded since the 

change in temperature is small. The boiling bubble enhanced the forced convection and 

decreased the thickness of diffusive layer. The mass transfer of reactive species from bulk 

solution to the electrode increase significantly by the boiling bubbles [38]. The cathodic reaction 

rate increased with the increase of mass transport in the solution. This increase in the cathodic 

reaction leads to a positive shift in the corrosion potential in the Evans diagram.  
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Figure C-2. Corrosion potentials for Alloy 800 in deaerated testing electrolyte at various 

temperatures. 

C.3.2 Anodic polarization  

 

Figure C-3 shows anodic polarization curves of Alloy 800 at various electrolyte temperatures 

including the bulk boiling condition. As expected, Alloy 800 showed self-passivation 

characteristics in a wide passive potential range (0–620 mVSHE) with a passivation current 

density round 1 μA/cm2 at room temperature. Such a small current density indicates that the 

passive layer of Alloy 800 has a low dissolution rate. The passive film appears to breakdown 

when the anodic polarization reaches the critical pitting potential. The current density increases 

dramatically at the pitting potential indicating that pitting corrosion is taking place. Figure C-3 

also shows that the pitting potential decreases as the temperature increases and the passive 

current density increases with increasing temperature from room temperature to 99 °C. 

Shrinkage of the passive potential range and an increase in current density indicate the 

degradation of the stability and corrosion resistance of the passive film. The effects of 
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temperature on the degradation of the passive layers observed are consistent with other’s work 

[37]. Under bulk boiling condition, the critical pitting potential further decreased to 

approximately 280 mVSHE and the passive current density increased to 8 μA/cm2. The increase in 

boiling bubbles in the bulk boiling condition might cause an increase in convection of the 

electrolyte, that is, the reactant and corrosion product would be transported faster under boiling 

condition than under below boiling condition. This higher transport rate could lead to an 

increasing corrosion reaction rate indicting an enhancement of passive layer degradation. Xia et 

al. [39] pointed out that the breakdown of passive film is related to its semi-conductivity, and the 

passive film in the testing electrolyte is considered as n-type semiconductor. N-type 

semiconductors are easy to breakdown but are more resistant than p-type semiconductors to 

anodic dissolution [40]. 
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Figure C-3. Anodic potentiodynamic polarization curves for Alloy 800 in deaerated testing 

electrolyte at various temperatures. 

 



 176 

C.3.3  Electrochemical impedance spectroscopy (EIS)   

 

The Nyquist plot in the testing electrolyte at different temperatures and the equivalent circuit are 

shown in Figure C-4. The symbols represent experimental measured data and the solid lines 

represent the fit line obtained using the electrochemical equivalent circuit (EEC)  which is well 

accepted model for a passive system. Where the solution resistance is represented by Rs. The Rs 

(Q1R1)(Q2R2) model [41, 42] uses Q1 and R1 to present the double layer capacitance and the 

charge transfer resistance, respectively, and Q2 and R2 to present the film capacitance and film 

resistance, respectively. This two layer model is well accepted and presented the real structure of 

the passive film [43, 44], therefore, is employed in this work. The mathematical expression of 

the impedance of this electrode system is given as: 

 

     
 

 
  

         

 
 

 
  

         

                                         

 

This model fits our experimental data well and the fitting parameters are shown in Table C-3. 

 

Table C-3. Constants of the EEC model. 

Temp. 

(°C) 

Rs 

(Ω·cm2) 

R1 

(Ω·cm2) 

Q1 

(μF cm-2) 

n1 R2 

(Ω·cm2) 

Q2 

(μF cm-2) 

n2 χ2 

(%) 

20 47.18 3.25×104 3.41 0.61 4.08×105 38.6 0.89 0.018 

80 24.30 1.82×104 5.74 0.65 1.12×105 85.1 0.91 0.023 

99 23.52 1.17×104 5.79 0.65 0.74×105 97.6 0.92 0.413 

Boiling 54.35 2.55×104 6.83 0.71 0.58×105 84.3 0.79 2.843 
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It can be seen from Table C-3, that Rs decreases with the increase of temperature before boiling 

due to an increase in the diffusivity of ions. Also, the film resistance, R2 decreases with the 

increase of the temperature since the dissolution rate of passive film is higher at elevated 

temperatures. Table 3 also shows that the solution temperatures o f 99 °C and at the boiling 

condition, the film resistance, R2 further decreases. Since the temperature difference is very small 

in these two cases, the main reason could be that the boiling bubbles enhance the forced 

convention of the electrolyte and leads to flow accelerate corrosion. The corrosion resistance of 

Alloy 800 is dependent on the composition, nature and thickness of the passive film. It's well 

known that the temperature has significant influence on composition, structure and thickness of 

passive film or corrosion product film formed on the Ni-base alloys. Huang et al. [45] 

investigated the electrochemical properties and growth mechanism of passive films on Alloy 690 

in solutions in the temperature ranged from 20 ºC to 300 ºC. They found that the thickness of the 

passive films increases with increasing solution temperature, and the donor density in the passive 

films increases and in turn results in an increase of the passive current density. This was believed 

to be due to increased diffusion rates of metallic ions with increasing temperature. In summary, 

an increased in solution temperature, increased the diffusivity of charged ions, increased 

diffusion rates of metallic ions, eventually decrease the film resistance and corrosion resistance.  
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Figure C-4. EIS for Alloy 800 in deaerated testing electrolyte at various temperatures. 

 

C.3.5 Secondary ion mass spectrometry (SIMS) 

 

The SMIS results of elements O and S of the specimen after immersion in test solution at various 

temperatures for 7 days are shown in Figures C-5 (a) and (b), respectively. It can be seen that the 

change of temperature and the existence of boiling bubbles have a significant effect on O and S 

intensity versus depth profiles. At the room temperature and 80 °C, the thicknesses of oxide and 

sulphide are under 30 nm. When the temperature is increased to 99 °C and the solution boils, the 

thickness of the anodic film increases to above 100 nm. The change in film thickness is 

attributed to an increase in the activation energy of the outer layer on the specimen surface at 

high temperature [46]. Thus the diffusion rate of vacancies and atoms in the film increases. 

Boiling bubble movement could dislodge the corrosion product in the anodic film and possibly 
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leading to two results: The first one is the porous structure of the film increasing and allowing 

the oxidation reaction to take place deeper in the matrix. The other one is S permeates deeper in 

the boiling condition, which indicates that the permeation of S into the passive layer is 

significant and hence the corrosion resistance of the anodic film has decreased in the boiling 

condition.  

 

Since secondary ion yields depend on the chemical environment of the target, it is difficult to 

relate the strength of the SIMS signals to the concentration difference between different elements 

[31]. A comparison of the ratios of the intensities of Fe/(Fe+Ni+Cr)， Ni/(Fe+Ni+Cr) and 

Cr/(Fe+Ni+Cr) are shown in Figures C-6 (a) to (c). It is important to determine whether certain 

elements are preferentially dissolved from the anodic film due to a change in temperature  and an 

influence of boiling bubbles. The following phenomena can be observed from Figures C-6 (a) to 

(c). 

 

(1) The anodic films formed at room temperature and at 80 °C have a similar structure; both 

films are Ni-enriched as shown in Figure C-6 (b) and Cr-depleted in Figure C-6 (c). The 

Fe/(Fe+Ni+Cr) ratios in the anodic films are close to the ratio inside the matrix as shown 

in Figure C-6 (a). The results are consistent with the data reported in the literature [50]. 

 

(2) At 99 °C, the anodic film start to behavior different than that below 80 °C. The change of 

intensity ratio of the metal elements happened at around 100 nm which indicate the 

anodic film is thicker than that at lower temperatures where the changes happened around 

30 nm. This results is consistent with that of SMIS analyses of S and O as shown in 
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Figures C-5 (a) and (b). In this thicker anodic film, it can be observed that the relative 

content of Cr is less than that of Ni and Fe, indicating Cr depleted relatively faster than 

Ni and Fe at higher temperature. 

 

(3) Under the boiling condition, the Ni/(Fe+Ni+Cr) intensity ratio is lower than the film 

formed at 99 °C, as shown in Figure C-6 (b), revealing that Ni is preferentially dissolved 

from the matrix in the boiling condition. When Ni is removed from the matrix metal, the 

pitting resistance of the specimen decrease [47]. It leads to a decrease of critical pitting 

potential at boiling condition, which is consistent with the anodic polarization 

measurements. Different from Ni, the intensity ratio of Cr under boiling condition is 

higher than that at 99 °C, as shown in Figure C-6 (c). The higher intensity ratio indicated 

that the Cr is less depleted under boiling condition.  
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Figure C-5. SIMS analyses of O and S after immersion of the specimen in the test solution at 

various temperatures. 

0 50 100 150 200 250
0.00

0.04

0.08

0.12

0.16

(a) Fe/(Ni+Fe+Cr)  20 ºC

 80 ºC

 99 ºC

 Boiling 

 

 

In
te

n
si

ty
 R

it
io

 o
f 

F
e/

(N
i+

F
e+

C
r)

Depth (nm)

 
 



 182 

0 50 100 150 200 250
0.90

0.92

0.94

0.96

0.98

1.00

Ni/(Ni+Fe+Cr)(b)  20 ºC

 80 ºC

 99 ºC

 Boiling 

 

 

In
te

n
si

ty
 R

it
io

 o
f 

N
i/

(N
i+

F
e+

C
r)

Depth (nm)

 

0 50 100 150 200 250
0.00

0.02

0.04

0.06

0.08

0.10

0.12

(c)  20 ºC

 80 ºC

 99 ºC

 Boiling 

Cr/(Ni+Fe+Cr)

 

 

In
te

n
si

ty
 R

it
io

 o
f 

C
r/

(N
i+

F
e+

C
r)

Depth (nm)

 
Figure C-6. SIMS analyses of Fe, Ni and Cr after immersion of the specimen in the test solution 

at various temperatures. 
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C.3.4  X-ray photoelectron spectroscopy (XPS)  

 

Figures C-7 (a) to (d) and Figures C-8 (a) to (c) show the XPS spectra of Alloy 800 after the 

immersion tests. Table C-4 shows the atomic ratio of each S component over all S components 

under different conditions calculated from the results in Figures C-7 (a) to (d).  

 
Table C-4. Atomic ratio of different S components over all S components at different 

temperatures 

Conditions SO4
2- SO3

2-  S0 S2- Total 

20 °C 89.3 % Little little 10.7 % 100 % 

80 °C 79.7 % Little little 20.3 % 100 % 

99 °C 25.3 % 8.5 % 8.3 % 58.0 % 100 % 

Boiling 14.7 % 9.0 % 11.6 % 64.6 % 100 % 

 

According to sulphur redox chemistry, the transition from sulphate to sulphide can be viewed as 

occurring through the following intermediates [35]: 

 

    
       

        
                                                 

 

Thiosulphate (S2O3
2−) is a polythiosulphate (SxO3

2−) intermediate; it can decompose into sulphate 

and elemental sulphur when exposed in air: 
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Table C-5. Possible reaction for thiosulphate 
 

Reactions 
ΔG0 298K 

(kJ/mol-1) 
Reference Eq. No. 

    
                

       -887 [48] (6) 

    
           

           -54 [49] (7) 

     
               

        -62 [48] (8) 

    
                    -193 [50] (9) 

    
             

  -3.1 [51] (10) 

 

From Figures C-7 (a) to (d), it can be observed that S2O3
2− unlikely exists in the passive film 

after the immersion test because all of the reactions shown in Table C-5 tend to proceed 

spontaneously in the forward direction. According to Table 4, SO4
2- and S2- exist in the Alloy 

800 specimen after the immersion test at 20 °C, with the SO4
2- being the dominant species. 

Under reducing conditions in the presence of metals, S2O3
2− and/or elemental sulphur could react 

with the metal and produce metal sulphide. When the immersion temperature rises to 80 °C as 

shown in Fig. C-7 (b), the relative amount of S2- increases, which indicate more SO4
2-, S2O3

2− 

and S0 have been reduced to S2-; therefore, more metal has been oxidized to a sulfide species. 

After the solution temperature rises to 99 °C as shown in Figure C-7 (c), the intermediate sulphur 

species (SO3
2- and S0) appears in a passive film. Also, the relative ratio of SO4

2- continues to 

decrease and S2- becomes the dominant sulphur species. Figure C-7 (d) shows that when the 

specimen is immersed in a boiling test solution, the S2- species is clearly dominant. This 

indicates that more corrosion products have formed in this condition due to bubble-enhanced 

convection and mass transfer of corrosion product. According to the potential vs. pH diagram for 

stability of a Ni-S-H2O species in an aqueous environment, the NiS is stable under the condition 

investigated in this work. Therefore, with the accelerate effects from the boiling bubbles, the 
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valence of sulphur species tends to decrease to reach S2-. Also, the low-valence sulphur species 

(SO3
2−, S2O3

2− and S2-) tend to accelerate the entry of hydrogen into metals, thus enhancing the 

general and localized corrosion 

 

Figures C-8 (a) to (c) show the XPS peaks of the major metal components in Alloy 800 after 

immersion in the test solution at various temperatures. The following phenomena are observed:  

 

(1) Figure C-8 (a) shows both Fe0 and Fe2+
OX were detected in Alloy 800 specimen after 7 

days of immersion in the test solution at various temperatures. In room temperature, Fe0 

is dominant due to the XPS sputtering could penetrate the thickness of passive layer and 

detected some of the substrate. With an increase in temperature, especially under the 

boiling condition, the Fe2+
OX spectroscopy became dominant attribute to the thickness of 

passive layer is increasing under higher temperature.  

   

(2) From Figure C-8 (b), it can be seen that Ni shows a similar behavior to that of Fe. Ni0 and 

Ni2+
OH can be detected under all conditions. Ni0 is the dominant species at 20 °C, but its 

relative ratio to the other metals tested decreases with increasing of temperature. In the 

immersion test of the boiling solution, the peak intensity of Ni2+
OH continues to increase 

and become the dominant valence. 

 

(3) Figure C-8 (c) shows that the intensity of Cr0 is relatively low compared to that of Cr3+
OX 

and Cr3+
OH. All three peaks grow weaker as the temperature increases and under the 

boiling condition, where Cr0 is remarkably decreased.  
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From the SIMS (Figs. C-5 and C-6) and XPS (Figs. C-7 and C-8) results, the passive film form 

under boiling condition shows more reduced S species incorporation, more metal ions and less 

metal elemental states than the passive film formed under 99 °C. Since the temperature between 

these two conditions is small, it can be concluded that the boiling bubb les caused more porosity, 

more Ni dissolution; the bubbles also lead to less Cr depletion but the Cr in the passive film exist 

as Cr3+
OH states. All of the above effect cause the reduce of pitting and corrosion resistance with 

the effect of boiling bubbles. 
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Figure C-7. XPS analysis of S in the Alloy 800 specimen after immersion in the test solution at 

various temperatures. 
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Figure C-8. XPS analyses of Fe, Ni and Cr in the Alloy 800 specimen after immersion in the test 

solution at various temperatures. 
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C.3.6 Effect of boiling bubbles on passivation degradation  

 

Figure C-9 shows the phonological representation of the degradation of anodic film at different 

solution temperatures and boiling condition. Our experimental results show that boiling bubbles 

affected the degradation of Alloy 800 in the following ways:  

 

(1) Dissolution rate of anodic film:  

 

As shown in Figure C-9, the dissolution of the passive film can be represented by: 

 

                                                                  

 

where M represents the metal in the passive film, i.e., Fe3+, Ni2+ and Cr3+. Under steady state 

conditions, the dissolution rate of the passive film, K, is equal to the rate of passive film 

formation. Before any localized corrosion begins, the dissolution rate of the passive film 

indicates the corrosion rate. The anodic polarization curves shown in Figure C-2 indicate that 

dissolution rate of passive film increased not only with a temperature increase but also further 

increased with the movement of bubbles. As shown in Figure C-9, when solution temperature 

increases from 20 °C to 99 °C, the oxygen and cation vacancies in the anodic film increases, 

leading to a more defective structure of anodic film and a faster dissolution rate [48, 49]. When 

boiling occurred, the movement of boiling bubbles increases the electrolyte convection and the 

transport of corrosion product on the surface of the passive film. All of these effects would 
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increase the defects in the anodic film, making it easier for the aggressive ions (Cl− and S2O3
2−) 

to penetrate the inner layer of the anodic film, and resulting in an enhanced dissolution rate of the 

anodic film as shown in Figure C-9, K3 > K2 > K1. 

 

(2) Thickness of anodic film:  

 

Figures C-5 (a) and (b) show the depth profiles of elements O and S, which represents the 

thickness of anodic films form on the surface of Alloy 800. It can be seen that the thickness of 

anodic film increases from the solution temperature of 20 °C to 99 °C. At the boiling condition, 

the thickness of anodic film increase further with the existence of boiling bubbles (δ3 > δ2 > δ1) 

as shown in Figure C-9.  As the temperature increased, film growth was enhanced and the 

thickness of hydroxide and oxide layers increased [50]. When boiling began, the bubble 

enhanced movement of the electrolyte further increased the oxygen vacancy and anion vacancy 

diffusion rate so that the passivation reaction penetrate deeper into the matrix metal. Therefore, 

under boiling condition, the anodic film thickness was greater than that in other conditions.   

 

(3) Sulphur incorporation in the anodic film:  

 

Thiosulphate and chloride have been found to have a synergistic effect on anodic film 

breakdown when the concentration ratio of chloride to thiosulphate is high [51, 52]. It has been 

reported [53] that the addition of sulphate increased the corrosion rate of Alloy 600 and Alloy 

800 at high temperature due to impairment of the passive layer caused by sulphate reduc tion. 

Sulphur species in the anodic film were identified using SIMS, most sulphur species being in the 
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outer 60 nm of the film as shown in Figure C-5 (b). Increases in temperature and boiling bubbles 

increased the depth of sulphur incorporation leading to an increase in anodic film thickness. The 

XPS results shown in Figure C-5 (a) to (d) indicate that the valence of the sulfur species in the 

anodic film decreased with an increase in electrolyte temperature and the occurrence of boiling 

bubbles. As shown in Figure C-9, when the temperature increased, the tendency of sulphur 

species to be reduced increased. Associated with chloride, sulphur with a lower valence would 

lower the pitting potential and increase the passive current [54]. Under the boiling condition, S2- 

is more dominant than the other conditions, which means that the anodic film formed in this 

condition is more vulnerable to the aggressive environment, leading a decrease of pitting 

potential as shown in Figure C-3. 

 

(4) Composition of anodic film:  

 

Passive layers on alloys normally have bilayer structure with the outside layer predominantly 

composed of hydroxides and inner layer predominantly composed of oxides [55-57]. Huang et 

al. found that the passive film on Alloy 690 in a high temperature aqueous environment showed 

a complex composition with varying portions of Cr2O4, FeCr2O4 and NiFe2O4 depending on the 

potential [58]. In the present work, the anodic layer is consisted of Cr2O3, Cr2(OH)3, Fe2O3, NiO 

and possibly FeS and NiS as these valance of metals is detected by XPS shown in Figures C-6 

(a) to (c). When the temperature increased, the XPS signal of elemental metal (Fe0, Ni0 and Cr0) 

decreased and the content of high valance of metals (Fe2+/3+, Ni2+ and Cr3+) increased. One 

possible reason is that matrix metals cannot be detected due to an increase in the thickness of the 
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anodic layer; also sulphur was incorporated deep and reacted with metals, which reduced the  

relative content of elemental metal.  

 

Nickchi et al. [59] stated that the mass transfer coefficient of the oxidant increased and the 

content of metal decreased at the outermost layer of the film with the increase of temperature in 

corrosion test of Alloy 800. When boiling occurred, the forced convection further increased the 

mass transfer coefficient of the oxidant [38], which lead to further corrosion of the anodic layer. 

SIMS results shown in Figure C-8 (b) indicates that the boiling bubbles increased the preferential 

dissolution of Ni, possibly because the corrosion product NiS was removed from the outer layer 

of the anodic film by movement of the bubbles, exposing more Ni/NiO to react with sulphur 

species.  
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Figure C-9. Effect of boiling bubble on the degradation of anodic film on Alloy 800 after 

immersion in the test solution at various temperatures. 
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C.4  Conclusions 

In the present study, the effect of boiling bubbles on the passivity degradation of Alloy 800 in the 

presence of thiosulphate was investigated and the following conclusions were obtained: 

 

(1) In aqueous solution, the corrosion potential for Alloy 800 decreased with an increasing 

the solution temperature from room temperature to 99 °C. In boiling electrolyte 

condition, the increased in the corrosion potential was due to an increase in cathodic 

reactions, which caused by bubble-enhanced convection.  

 

(2) The critical pitting potential of Alloy 800 decreased and the corrosion current increased 

in the presence of boiling bubbles. The dissolution rate of the anodic film increased due 

to the bubble-enhanced forced convection.  

 

(3) The presence of boiling bubbles increased the thickness of anodic film on Alloy 800, and 

enhances sulphur incorporation into the passive film. More lower valance sulphur species 

and metal ions were detected under the boiling condition. The lower valance sulphur 

further accelerated the passive film degradation under boiling condition.   
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