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SYNOPSIS 

 

The Council for Scientific and Industrial Research (CSIR) is developing a novel process to 

produce titanium metal at a lower cost than the current Kroll process used commercially. The 

technology initiated by the CSIR will benefit South Africa in achieving the long-term goal of 

establishing a competitive titanium metal industry.  

 

A bubble column reactor is one of the suitable reactors that were considered for the 

production of titanium metal. This reactor will be operated with a molten salt medium. Bubble 

columns are widely used in various fields of process engineering, such as oxidation, 

hydrogenation, fermentation, Fischer–Tropsch synthesis and waste water treatment. The 

advantages of these reactors over other multiphase reactors are simple construction, good 

mass and heat transfer, absence of moving parts and low operating costs.  

 

High heat transfer is important in reactors when high thermal duties are required. An 

appropriate measurement of the heat transfer coefficient is of primary importance for 

designing reactors that are highly exothermic or endothermic.  

 

An experimental test facility to measure wall heat transfer coefficients was constructed and 

operated. The experimental setup was operated with tap water, heat transfer oil 32 and 

lithium chloride–potassium chloride (LiCl–KCl) eutectic by bubbling argon gas through the 

liquids. The column was operated at a temperature of 40 oC for the water experiments, at 75, 

103 and 170 oC for the heat transfer oil experiments, and at 450 oC for the molten salt 

experiments. All the experiments were run at superficial gas velocities in the range of 0.006 

to 0.05 m/s. Three heating tapes, each connected to a corresponding variable AC voltage 

controller, were used to heat the column media.  
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Heat transfer coefficients were determined by inducing a known heat flux through the column 

wall and measuring the temperature difference between the wall and the reactor contents. In 

order to balance the system, heat was removed by cooling water flowing through a copper 

tube on the inside of the column. Temperature differences between the column wall and the 

liquid were measured at five axial locations.  

 

A mechanistic model for estimating the kinematic turbulent viscosity and dispersion 

coefficient was developed from a mechanism of momentum exchange between large 

circulation cells. By analogy between heat and momentum transfer, these circulation cells 

also transfer heat from the wall to the liquid. 

 

There were some challenges when operating the bubble column with molten salt due to 

leakages on the welds and aggressive corrosion of the column. The experimental results 

were obtained when operating the column with water and heat transfer oil. It was found that 

the heat transfer coefficient increases with superficial gas velocity. The values of the heat 

transfer coefficient for the argon–water system were higher than those for the argon–heat 

transfer oil system. The heat transfer coefficients were also found to increase with an 

increase in temperature. Gas holdup increased with the superficial gas velocity. It was found 

that the estimated axial dispersion coefficients are within the range of those reported in the 

literature and the ratios of dispersion coefficients are in agreement with those in the 

literature. The estimated kinematic turbulent viscosities were comparable with those in the 

literature. 

 

Keywords: Bubble column; molten salt; heat transfer coefficient; gas holdup; dispersion 

coefficient.
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CHAPTER 1:  INTRODUCTION 

1.1 Motivation and background 

The Council for Scientific and Industrial Research (CSIR) is developing a novel process to 

produce titanium metal at a lower cost than the current Kroll process used commercially. The 

technology initiated by the CSIR will benefit South Africa in achieving the long-term goal of 

establishing a competitive titanium (Ti) metal industry. 

 

Ti is usually produced by the reduction of titanium tetrachloride (TiCl4) with magnesium to 

form titanium metal and magnesium dichloride as given by Equation 1.1, named the Kroll 

process (Takeda & Okabe, 2006).  

 

              TiCl4(g) + 2Mg(l)    Ti(s) + 2MgCl2(s)                                                         [1.1] 

 

The ongoing research at the CSIR is aimed at producing titanium metal by continuous 

reduction of TiCl4 with a certain alkali or alkali earth metal (Van Vuuren, Oosthuizen & 

Heydenrych, 2011). This reaction is exothermic and takes place in a molten salt medium. 

The overall process for the CSIR–Ti technology is believed to be cheaper than the Kroll 

process. The CSIR–Ti process will be continuous, in contrast to the Kroll process which is 

operated in batches. A bubble column reactor is one of the suitable reactors that are being 

considered by the CSIR for the reduction reaction to take place. Because of the exothermic 

nature of the reduction reaction, the cooling jacket needs to be installed for heat recovery. 

The design of a reactor cooling jacket requires data for heat transfer coefficients. 

 

Bubble columns are widely encountered in industrial fields of process engineering, such as 

fermentation processes, hydrometallurgical processes, petrochemical processes and waste 

water treatment (Degaleesan, Dudukovic & Pan, 2001). Bubble columns are also used for 

chemical processes such as oxidation, chlorination, alkylation, polymerisation and 

hydrogenation reactions. Other processes that employ bubble columns include the 

hydrotreating and conversion of petroleum residues, and direct and indirect liquefaction in 

the production of liquid fuels from coal. The bubble column has also been identified as a 

suitable type of reactor for a variety of gas conversion processes involving the production of 

liquid fuels from synthesis gas, such as the Fischer–Tropsch process and the synthesis of 

methanol.  
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These systems can be operated in either a continuous or a semi-batch mode. In a 

three-phase system, fine solid particles are present in bubble columns. The solid particles 

can be either catalysts, biomass, mineral particles and reactants or products of a reaction 

(Todt, Lucke, Schugerl et al., 1977). In the continuous mode, a gas and liquid either flow 

cocurrently up or countercurrently. In the latter case, a gas is flowing in the upward direction 

while a liquid is flowing downwards. In the semi-batch mode, a liquid is stationary inside the 

column while a gas is flowing upwards. 

 

Bubble columns possess wider industrial applications than other multiphase reactors such 

as fluidised bed reactors, packed bed reactors, trickle bed reactors and continuous stirred 

tank reactors due to the benefits they provide. These include the following (Joshi, Vitankar, 

Kulkarni et al., 2002; Ruthiya, 2005; Tiefeng, Jinfu & Yong, 2007; Vinit, 2007; Singh & 

Majumder, 2010):  

 Ease of construction since they contain only a cylindrical vessel, a gas distributor and 

a few internals. 

 Low maintenance costs due to the absence of moving parts. 

 Isothermal conditions. 

 High mass and heat transfer rates. 

 Online catalyst addition and removal.  

 Large liquid residence time which is suited to slow reactions. 

 Higher effective interfacial area and liquid mass transfer coefficients.  

 

However, there are some drawbacks in this reactor which include bubble coalescence, back 

mixing which negatively affects the conversion of the reactants, low catalyst loading, the fact 

that catalyst deactivation can increase if the solids concentration is increased, and difficult 

separation of fine particles from the liquid phase (Gandhi & Joshi, 1999). Although bubble 

columns are often preferred over other types of reactor, their design is still a challenging task 

due to: 

 Their hydrodynamics are complex. 

 There is a lack of hydrodynamic data over a wide range of operating conditions. 

 Most of the reported data are for air–water systems at room temperature. 

 There are still some difficulties with accurate experimental and measuring techniques 

for bubble columns.  

 

Due to their industrial importance and wide applicability, their design and scale up has 

received attention for many years (Kantarci, Borak & Ulgen, 2005a). Moreover, the 

continuous research in this field has led to the application of computational fluid dynamics 
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(CFD) which is the computational tool that uses numerical methods and algorithms to model 

fluid dynamics problems (Cartland Glover, Generalis & Thomas, 2000; Delnoij, Kuipers & 

Van Swaaij, 1997; Rampure, Mahajani & Ranade, 2009; Van Baten, Ellenberger & Krishna, 

2003). CFD methods can be combined with experimental data to model hydrodynamic 

correlation to cover a wider range of experimental conditions. CFD methods can thus 

improve the applicability of a correlation in predicting the hydrodynamic parameters. 

 

The hydrodynamics of bubble columns have been extensively documented in the literature 

(Gandhi, Prakash & Bergougnou, 1999; Mudde & Saito, 2001; Soong, Harke, Gamwo et al., 

1997). The hydrodynamic parameters typically considered in bubble columns are: (a) bubble 

sizes; (b) flow regime; (c) gas holdup; (d) liquid-side mass transfer coefficient; (e) heat 

transfer coefficient; and (f) axial dispersion coefficient. Flow regimes, bubble sizes and their 

distribution, and gas holdup are the primary design parameters, while mass and heat 

transfer coefficients, gas–liquid interfacial areas and axial dispersion coefficients are the 

secondary design parameters needed for developing correlations and for the performance 

evaluation of bubble columns (Ghosh & Upadhyay, 2007). The performance of a bubble 

column is highly dependent on these hydrodynamic parameters. It is, therefore, imperative to 

conduct thorough measurements and data analysis of these parameters.  

 

1.2 Research problem 

Much of literature has been reported on the heat transfer coefficient measured from the heat 

flux induced by an immersed heater or heated column wall, and the corresponding 

temperature difference between the heated surface and the column dispersion (Li & 

Prakash, 1997; Jhawar & Prakash, 2007; Wu, Al-Dahhan & Prakash, 2007; Deckwer, Loulsl, 

Zaldl et al., 1980b; Fair, Lambright & Andersen, 1962; Hikita, Asai, Kikukawa et al., 1981). 

These measurements were done mostly for water, aqueous and hydrocarbon liquid systems, 

but few if any have been reported on heat transfer coefficient measurements using molten 

salts at high temperatures.  

 

Heat transfer in bubble columns is assumed to be analogous to heat transfer in pipe flow. In 

bubble columns operated in a heterogeneous flow regime, circulation cells are present which 

exchange momentum in a similar way to liquid eddies in the case of a pipe flow. Similar to 

pipe flow, there is an analogy between mass, momentum and heat exchange in bubble 

columns. Therefore, the heat is transferred from the wall to the bulk of the liquid by the 

momentum exchange in circulation cells. 
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However, little work was done previously on the modelling of turbulent viscosities and 

dispersion coefficients caused by the momentum exchange of the circulation cells. In 

addition to the measurement of the heat transfer coefficient, a mechanistic model for 

dispersion coefficients will be developed. 

 

1.3 Aims and objectives 

The main aim of this research project is to measure the wall heat transfer coefficient in a 

bubble column operated with different molten salt media.  

 

The research objectives are: 

 To study the effect of superficial gas velocity on the heat transfer coefficient and the 

gas holdup. 

 To compare the experimental results with those in the literature.  

 To develop a mechanistic model for dispersion coefficients from an analogy with 

momentum exchange between circulation cells. 

 

1.4 Structure of the dissertation 

Chapter 1 gives the motivation for this work and background on bubble columns. The aims 

and objectives of the research are also explained. 

 

Chapter 2 is a literature study on the heat transfer coefficient, the gas holdup and the axial 

dispersion coefficient. Sections 2.1 to 2.3 are structured as follows: 

 Heat transfer coefficient: 

 Studies the reported literature for the heat transfer coefficient. 

 Studies different experimental setups for measuring the wall heat transfer 

coefficient. 

 Gas holdup: 

 Studies different techniques for measuring the gas holdup. 

 Studies different experimental setups for measuring the wall heat transfer 

coefficient. 

 Axial dispersion coefficient: 

 Studies the mechanism of liquid circulation in bubble columns. 

 

Chapter 3 explains the methodology used for measuring the heat transfer coefficient and the 

gas holdup.  
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Chapter 4 discusses the experimental results obtained for the heat transfer coefficient and 

the gas holdup. The theoretical work on modelling the dispersion coefficients is also 

explained. 

 

Chapter 5 draws conclusions from the findings of the study and gives recommendations that 

should be taken into consideration when measuring the wall heat transfer coefficient in 

bubble columns. 
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CHAPTER 2:  LITERATURE REVIEW 

2.1 Heat transfer coefficient 

One advantage of bubble columns is their high rates of heat transfer. Heat transfer in bubble 

columns is 20–100 times greater than in single-phase flow (Chen, Hasegawa, Tsutsumi et 

al., 2003; Joshi, Sharma, Shah et al., 1980; Kantarci et al., 2005a), which promotes fast 

removal or addition of heat. Proper implementation of heat transfer coefficient 

measurements is, therefore, crucial for the design and optimisation of bubble columns to 

ensure the appropriate removal or addition of heat. In many instances the amount of heat 

removed or added to the column is of importance in order to maintain catalyst activity, 

reaction integrity and product quality (Gandhi & Joshi, 2010).  

 

Heat transfer in bubble columns has been studied by several investigators. Measurements of 

heat transfer coefficients in bubble columns can be divided into two methods (Kantarci et al., 

2005a): (a) heat transfer from the heated column wall to the contents and (b) heat transfer 

from an immersed heater to the contents. The experimental study for this work focused only 

on heat transfer from the column wall. Wall heat transfer coefficients in a bubble column can 

be measured by employing a heat source and then measuring the energy input and 

temperature difference between the surface of the heat source and the column dispersion. 

 

2.1.1 Theory of heat transfer  

Heat is the energy transferred from a hot system to a cold system as a result of a 

temperature gradient. Consequently, there cannot be any heat transfer in the case of a zero 

temperature gradient. Generally, heat can be transferred in three different modes, namely 

conduction, convection and radiation (Cengel, 2003: 17). Only conductive and convective 

heat transfer are discussed in this section. 

 

2.1.1.1 Conductive heat transfer 

Conductive heat transfer is the energy transfer between fundamental particles in a solid, 

liquid or gas as a result of the interaction and temperature difference between the particles 

(Cengel, 2003: 18). Generally, if a hot object is brought into contact with a cold object, the 

hot object becomes cooler while the cold object becomes warmer. Therefore, heat has been 

transferred from the hot to the cold object. Conduction in solids is a result of vibration 

between particles in a lattice and energy transport by free electrons. In gases and liquids, 

conduction is due to collision and diffusion of the molecules during their random motion. It 
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must be noted that heat is transferred by conduction in gases and liquids only if a fluid is 

stationary.  

 

Heat transfer by conduction is represented by Fourier’s law of heat conduction as given by 

(Cengel, 2003: 18): 

                           
dx

dT
kAQ                                                                       [2.1] 

where Q  is the heat transfer rate in the x  direction and proportional to the temperature 

gradient 
dx

dT

 

in same direction, k  is the thermal conductivity and A is the heat transfer area. 

The negative sign in Equation 2.1 denotes that heat is transferred in the direction of 

decreasing temperature. Thermal conductivity is the measure of a material’s ability to 

conduct heat. Materials with high values of thermal conductivity are good conductors of heat, 

while those with low values of thermal conductivity are poor conductors of heat. Thermal 

conductivity is a function of temperature and it also varies with pressure for gases.  

 

2.1.1.2 Convective heat transfer 

Convective heat transfer occurs when heat is transferred from a solid surface and an 

adjacent fluid that is in motion, and it increases with fluid velocity (Cengel, 2003: 25). 

Similarly, heat transfer during phase change between a vapour and a liquid is by convection 

due to the motion of vapour bubbles and liquid droplets during vaporisation and 

condensation respectively. It must be noted that heat transfer is by convection in multiphase 

systems such as bubble columns due to the presence of a moving fluid. Convection is called 

forced convection if the fluid is forced by means of mechanical equipment. Otherwise, it is 

natural convection in the case of free motion of the fluid.   

 

Convective heat transfer from a surface to a fluid is represented by Newton’s law of cooling, 

as follows (Cengel, 2003: 26):   

 

                               BW TThAQ                                                          [2.2] 

 

where Q  is the convective heat transfer rate, WT  is the wall temperature, 
BT  is the bulk 

liquid temperature and h  is the heat transfer coefficient which depends on the conditions in 

the boundary layer. The conditions in the boundary layer are influenced by surface 
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geometry, the nature of the fluid motion and the range of fluid thermodynamic and transport 

properties.  

 

2.1.1.3 Wall heat transfer in bubble columns 

In bubble columns, heat can be transferred by conduction through the column wall, then by 

convection from the wall surface to the column dispersion (Dhotre, Vitankar & Joshi, 2005). 

The temperature gradient for wall-dispersion heat transfer of an externally heated bubble 

column is illustrated in Figure 2.1. Temperature is high at the wall inner surface and 

decreases in the boundary layer until it becomes uniform in the column dispersion. 

 

 

 

Figure 2.1: Schematic representation of the temperature profile in a bubble column (Dhotre 
et al., 2005) 

 

2.1.2 Heat transfer correlations  

Heat transfer correlations are used in the design of bubble columns to estimate the heat 

transfer coefficient. Equation 2.3 is a general formula for many heat transfer correlations for 

different column conditions (Kantarci, Ulgen & Borak, 2005b).  

 

  
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
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
                                      [2.3] 



Chapter 2                                                                                                         Literature review 

9 

The use of the dimensionless parameters, namely Re  and Fr , Pr , Hx /  and Rr / , reflects 

the effects of superficial gas velocity, liquid phase properties, axial position and radial 

position of an internal heater respectively on the heat transfer coefficient. The effect of 

column diameter and sparger design is not included in Equation 2.3 because of their small 

effect on the heat transfer coefficient (Joshi et al., 1980; Kantarci et al., 2005b). Parameters 

C1, C2, C3, C4 and C5 can be determined from the measured data by using non-linear 

regression methods.  

 

These correlations are empirical and they have limitations in their application, such as 

(Dhotre et al., 2005; Hulet, Clementy, Tochonz et al., 2009):  

 There are limitations to the original range of experimental conditions:  

o This implies that the values of constants C1, C2, C3, C4 and C5 will differ 

outside the range of experimental conditions in which they were determined. 

 Limited data are sometimes used for the development of correlations. 

 Some important variables may be missing in the correlation. 

 Each correlation is dependent on a particular system and the properties of a gas–

liquid system. 

 Most of the correlations are derived under steady-state conditions and thus they 

cannot be applied during unsteady-state conditions. 

 There are uncertainties in the application of three-phase correlations to two-phase 

systems and vice versa. 

 

The limitations of these correlations will introduce inaccuracies when determining the heat 

transfer coefficient. Data modelling techniques can be employed to cover a wide range of the 

data and to partially overcome these limitations. Modelling techniques such as artificial 

neural networks and support vector regression have been reported in the literature 

(Al-Hemiri & Ahmedzeki, 2008; Chen et al., 2003; Gandhi & Joshi, 2010). Previous work on 

heat transfer correlations in bubble columns is listed in Table 2.1.  
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Table 2.1: Summary of the heat transfer correlations investigated by various researchers 

Researcher          System         Height/Diameter ratio                Sparger                  Range of  Gu             Operating conditions                     Correlation 

Fair et al. (1962)   Air–water       10 ft/18 in.                              Perforated plate           0–0.5 ft/s                                –                                                   

                                                    and 10 ft/42 in.                              Baffles                                          

Kast (1963)         Air–water/       4 m/0.29 m                                        –                       0.0025–0.06 m/s           

                            isopropanol 

Hart (1976)       Air–water and           42/4 in.                       ¼ in. o.d. single nozzle    0.0001–0.8 ft/s       160 and 183 oC  

                          ethylene glycol 

Deckwer (1980a)            –                 4.1 cm                                Porous sparger       0–3.3 cm/s                     143–270 oC                      

                                                                                                       of 75 µm                                                         400–1 100 kPa 

Hikita et al. (1981)   Air–water     162/10 and 240/19 cm              Nozzle                    0.04–0.4 m/s                  25–45 oC 

                                sucrose,  

                                methanol  

Yang et al. (2000)     Nitrogen–      1.37/0.1016 m                   Perforated plate             0–20 cm/s          0.1–4.2 MPa 

                   Paratherm heat transfer fluid                             Square pitched holes                                      35–81 oC  

                                glass beds                                              1.5 mm diameter 
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Li & Prakash (2001)  Air–water         2.4/0.28 m              Six arm, 6 mm diameter       0.05–0.3 m/s                            23 oC                               

                                   glass beds 

Cho et al. (2002)      Air–liquid         2.5/0.152 m                       Nozzles                       0.02–0.12 m/s                    0.1–0.6 MPa                                                 

Li & Prakash (2002)    Air–water      2.4/0.28 m                    Six arm, four 1.5 mm       0.05–0.3 m/s                            23 oC                                                 

                         glass beds                                             diameter holes                             

Kantarci et al. (2005b)                       60/17 cm                       2 mm holes, 60o              0.03–0.2 m/s                       296–318 K 

                                                                                                  from each other  

                           Air–water                                                                                          Air–water– cell 0.1% + 0.4%                                                                      

C1 = 0.164; C2 = –0.30; C3 = –1.01; C4 = –0.054; C5 = –0. 009                    C1 = 0.098; C2 = –0.26; C3 = –0.54; C4 = –0.07; C5 = –0.013                                        

                   Air–water – cells 0.1%                                                                       Air–water – cells 0.4%                                                                                        

C1=0.090; C2 = –0.26; C3 = –0.54; C4 = –0.07; C5 = –0.013                         C1 = 0.102; C2 = –0.26; C3 = –0.54; C4 = –0.07; C5 = –0.013 

Jhawar &               Air–water         2.5–0.15 m                         Fine sparger,                0.05–0.4 m/s                              22 oC                                                           

Prakash (2007)                                                                         pore size 15 µm                                                                          

                                                                                                  and coarse sparger                                                                  

Units of variables in the correlations: 1, h (Btu/h).Ft-2.-oF, UG (ft/s); 2 (SI Units); 3 (SI Units); 4 (SI Units); 5 (SI Units) 
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2.1.3 Experimental methods 

Much literature has been reported on heat transfer coefficient studies where heat transfer 

coefficients were measured between the surface of an immersed object and the column 

dispersion (Li & Prakash, 1997; Jhawar & Prakash, 2007; Wu, Al-Dahhan, & Prakash, 2007). 

 

In this study experimental investigations were, however, done on a column wall to dispersion 

heat transfer. Cho, Yang, Eun et al. (2005), Deckwer et al. (1980b), Fair et al. (1962), Hikita 

et al. (1981), Kim, Cho, Lee et al. (2002), Sada, Katoh, Yoshil et al. (1984), and Terasaka, 

Suyama, Nakagawa et al. (2006) reported the addition of heat through the wall of bubble 

columns. Among the authors who reported on heat transfer studies, the measurement of the 

heat transfer coefficient through the walls of a column was studied by Hikita et al. (1981), 

Fair et al. (1962) and Hart (1976).  

 

Experiments carried out by Hikita et al. (1981) were conducted using two bubble columns. 

The first column had an internal diameter (i.d.) of 10 cm, a height of 162 cm and was made 

of acrylic resin. The other column was made of transparent vinyl chloride resin and the 

column dimensions were 19 cm i.d. and 240 cm in height. Gas was dispersed using a single-

nozzle sparger in which two nozzles of 0.9 and 1.3 cm i.d. were used for the 10 cm column. 

Three nozzles of 1.31, 2.06 and 3.62 cm i.d. were used for the 19 cm column. The nozzles 

were located 5 cm above the bottom plate of the column.  

 

 

Figure 2.2: Schematic diagram of the experimental apparatus for heat transfer coefficient 
measurements in the bubble column (Hikita et al., 1981) 

 

1 Blower  
2 Rotameter  
3 Gas inlet nozzle  
4 Bubble column  
5 Thermocouple  
6 Heat transfer section  
7 Slide rheostat 
8 Voltage stabilizer 
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Figure 2.3: Heat transfer section of the bubble column (Hikita et al., 1981) 
 

As shown in Figures 2.2 and 2.3, heat was supplied through the walls of the column with an 

electric heater located at a certain height above the gas distributors. The heat transfer 

section was made from brass rings wrapped with mica sheet for insulation purposes. The 

heating element was made from nichrome wire, wrapped around the brass section and 

insulated with asbestos to reduce the heat loss to the surrounding air. The temperature of 

the brass section (i.e. the wall temperature) was measured by four and eight copper–

constantan thermocouples of 0.2 mm diameter for the 10 cm and 19 cm columns 

respectively. The thermocouples were located in the middle of the brass section and were 

connected to a digital multi-thermometer. The column temperature was also measured with 

copper constantan thermocouples inserted at the column axis at the same level as the heat 

transfer section. The rate of heat transfer was measured from amperage and voltmeter 

readings by applying Joule’s law. The temperature difference was limited to 3–10 oC to avoid 

the variation of liquid physical properties along the heat transfer path. 

 

Hart (1976) measured wall heat transfer in a bubble column consisting of a 609.6 mm 

section of 99.06 mm i.d. copper pipe with butt-joined fibreglass ends These ends were 

installed in order to reduce the axial heat leak from the copper section, thus allowing a more 

accurate determination of the heat transfer area. The copper section was wrapped with glass 

tape to insulate, electrically, it from the heating element. The heating element was 12.7 mm 

x 0.0508 mm chromel-A tape which was wrapped around the glass-covered copper section 

with a spacing of about 6.35 mm between wraps. 

 

Temperature and flowrate measurements determined the heat flux and the temperature 

difference between the liquid and the column wall. In this way, the heat transfer coefficient 

1 Flange (resin)  
2 Thermocouple  
3 Silicone rubber packing 
4 Nichrome wire  
5 Mica sheet  
6 Brass ring  
7 Asbestos 
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could be determined. With a 10 A Powerstat, the heating element could deliver a heat flux up 

to about 9 464 W/m2 through the inside area of the copper pipe. Nine thermocouples were 

installed at equal intervals along the column wall. They were inserted into small holes drilled 

to within about 0.4 mm of the inside pipe wall. The holes were then filled with lead shot 

which was tapped gently with a punch, causing the lead to flow into every cavity. Soldering 

could not be used because of the fibreglass ends. 

 

2.1.4 Effect of operating parameters on heat transfer coefficient 

 

2.1.4.1 Superficial gas velocity 

The effect of superficial gas velocity on the heat transfer coefficient has been reported by 

many researchers. An increase in the heat transfer coefficient with superficial gas velocity is 

reported in the literature (Daous & Al-Zahrani, 2006; Wu & Al-Dahhan, 2012; Kantarci et al., 

2005b; Fazeli, Fatemi, Ganji et al., 2008).  

 

Wu & Al-Dahhan (2012) studied heat transfer coefficients in a mimicked slurry bubble 

column of a mixture of air, C9–C11 n-paraffin mixture and a Fischer–Tropsch catalyst. Heat 

was supplied to the column with the aid of a heat transfer probe placed at the centre of the 

column. For both the wall and centre regions of the column, the heat transfer coefficient 

initially increased with the superficial gas velocity and then levelled off at higher gas 

velocities. The authors explained that at low superficial gas velocities, bubbles with relatively 

small diameters are uniformly distributed across the column cross-section and slowly move 

along the column axis. As the superficial gas velocity increases, large bubbles are formed 

and most of them rise through the core region of the column at a high bubble rise velocity. 

The higher bubble rise velocity results in an increase in surface renewal and a decrease in 

the film thickness at the probe surface, which can significantly increase the heat transfer 

coefficient. On the other hand, small bubbles in the wall region move downwards with liquid 

circulation. This is what causes the difference in heat transfer coefficient between the wall 

and centre region. 

 

Daous & Al-Zahrani (2006) carried out heat transfer studies in a bubble column and a slurry 

bubble column equipped with a single gas nozzle as a sparger. They found that increasing 

the superficial gas velocity increases the rising velocities of bubbles, which in turn enhances 

the heat transfer coefficient.  
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A different phenomenon was reported by Li & Prakash (1997) in a slurry bubble column of 

an air–water–glass beads system. They reported an increase in the heat transfer coefficient, 

which then decreases above a superficial gas velocity of 0.2 m/s.  

 

2.1.4.2 Liquid properties 

Cho et al. (2002) performed heat transfer studies in a pressurised bubble column. They 

reported a decrease in the heat transfer coefficient with increasing liquid viscosity. The 

bubble sizes increase with an increase in liquid viscosity. The rising velocities of large 

bubbles decrease their residence time and thus reduce the gas holdup and hence the heat 

transfer coefficient.  

 

2.2 Gas holdup 

Gas holdup indicates the gas volume inside the column and it determines the required total 

column volume (Dhotre, Ekambara & Joshi, 2004). Gas holdup can also be used to estimate 

average residence time, average interfacial area, average interstitial velocity and pressure 

drop (Dhotre et al., 2004; Kumar, Moslemian & Dudukovic, 1997).  

 

2.2.1 Gas holdup theory 

2.2.1.1 Flow regimes 

The bubble dynamics result in different flow regimes in bubble columns and gas holdup 

behaves differently in various flow regimes. The flow regimes encountered in bubble 

columns are bubbly flow, slug flow, churn-turbulent flow and annular flow, as shown in 

Figure 2.4 (Shaikh & Al-Dahhan, 2007). The flow regimes most frequently reported in the 

literature are the bubbly flow (homogeneous), transition and churn-turbulent (heterogeneous) 

regimes (Shaikh & Al-Dahhan, 2005).  
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Figure 2.4: Types of flow regime in bubble columns (Shaikh & Al-Dahhan, 2007) 
 

Homogeneous flow regime: This occurs when gas-dispersion plates with small, closely 

spaced orifices are employed and it is encountered at low superficial gas velocities which 

form a uniform flow of small nearly spherical bubbles (Ruzicka, Zahradnik, Drahos et al., 

2001). The bubbles rise upwards with small vertical and horizontal fluctuations. There is little 

bubble coalescence and breakup and can thus they can be neglected in this flow regime 

(Mena, Ruzicka, Rocha et al., 2005). Moreover, narrow bubble size distribution is 

encountered and the bubbles are monodispersed. Gas holdup in this flow regime is 

uniformly distributed in the radial direction and hence liquid circulation is insignificant.  

 

Transition flow regime: This is the flow regime in which the first large bubble is observed 

(Krishna, Wilkinson & Van Dierendonck, 1991). The velocity at which this first large bubble is 

observed is called the transition velocity. Significant liquid circulation patterns develop at 

superficial velocities beyond the transition velocity. The transition from the homogeneous to 

the heterogeneous flow regime depends on the superficial gas velocity, sparger design, fluid 

properties, slurry concentration and the column diameter. 

 

Heterogeneous flow regime: This is produced by either (a) plates with small and closely 

spaced orifices at high gas flowrates, or (b) plates with large orifices (above 1.6 mm) at any 

gas flowrate (Ruzicka et al., 2001). This flow regime occurs at superficial gas velocities 

beyond the transition velocity, forming a mixture of large and small bubbles. It is 

characterised by bubble breakup and bubble coalescence. Coalescence of small bubbles 
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results in the formation of large bubbles (Mena et al., 2005). Operating in this flow regime 

has some disadvantages, such as: (a) poor contact between the gas and liquid phases 

which reduces the efficiency of mass transfer; (b) radial variation of gas holdup, which 

results in liquid circulation and higher backmixing; and (c) wide residence time distribution of 

the bubbles due to a wide bubble size distribution (Fadavi & Chisti, 2007).  

 

2.2.1.2 Prediction of gas holdup  

Gas holdup, which is also termed “bubble to bed voidage”, is defined as the ratio of gas 

volume and dispersed bed volume, as given by (Nedeltchev & Schumpe, 2008):   
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where G  
is the average gas holdup, GV  is the gas volume and LV  is the liquid volume. For 

a bubble column with a constant cross-sectional area, Equation 2.4 is further simplified to: 
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                                                          [2.5]

  

 

where H  is the gas–liquid dispersion height and 0H  is the gas-free liquid height. Gas 

holdup can also be calculated by measuring the static pressure drop across the column 

height (Kantarci et al., 2005b):
 

 

                              HgP LLGG  )(                                                [2.6] 

 

where P  is the pressure drop, H  is the height difference between the two pressure 

transducers,   is the density of each phase,   is the holdup of each phase, g  is the 

gravitational acceleration, and subscripts G and L  denote gas and liquid phases 

respectively. The sum of the holdup of individual phases is equal to one as given by:  

  

                                          1 LG                                                          [2.7] 

 

Substituting Equation 2.7 to Equation 2.6 gives: 
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   HgP GLGG   1                                          [2.8] 

 

Since gas density is very small compared with liquid density, the first term of Equation 2.8 

can be omitted. 

 

  HgP GL   1                                                  [2.9]    

      

Re-arranging Equation 2.9, average gas holdup can be calculated from: 

 

  
Hg

P

L

G 





 1

          

        [2.10] 

 

Average gas holdup can also be determined from the ratio of the superficial gas velocity and 

the average bubble rise velocity, as shown in Equations 2.11 and 2.12 (Vandu, Koop & 

Krishna, 2004) In this case the value of the gas holdup denotes the gas residence time 

(Nedeltchev & Schumpe, 2008). Gas residence time decreases with an increase in bubble 

size since large bubbles have higher rising velocities. In the homogeneous flow regime, the 

gas holdup is given as: 

 

                                                      
Sb

G

G
u

u
                                                        [2.11] 

 

where Sbu
 
is the rise velocity of small bubbles and Gu  is the superficial gas velocity. In the 

heterogeneous flow regime, the gas holdup is given as:  
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where Lbu  is the rise velocity of large bubbles, transu  is the transition velocity and trans  is 

the gas holdup at a transition velocity.  

 

Gas holdup varies linearly with superficial gas velocity up to the transition velocity. The 

variation of the gas holdup with superficial gas velocity is of the form n

GG u  (Moshtari, 

Babakhani & Moghaddas, 2009; Christi & Moo-Young, 1988), where the value of the 
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constant ‘ n ’ depends on the flow regime. At superficial gas velocities above the transition 

velocity and below the heterogeneous flow regime (i.e. in the transition flow regime) gas 

holdup is the sum of small bubble holdup and large bubble holdup (Krishna et al., 1991). It is 

claimed that the former is constant above the transition velocity and is the same as that at 

the transition velocity. It varies with Gu  – transu
 
and is independent of gas density or liquid 

properties (Krishna et al., 1991). Gas holdup will again increase with superficial gas velocity 

in the heterogeneous flow regime since there is a majority of large bubbles. The trend will, 

however, be non-linear, with a lower slope than that in the homogeneous flow regime. 
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2.2.3 Gas holdup correlations 

 

Table 2.2: Summary of the gas holdup correlations investigated by researchers 

Researcher                  System                 Height/Diameter ratio             Sparger                 Range of  Gu             Operating conditions                  Correlation 

Mouza et al. (2005)   Air–water/                1.5 m × 0.1 × 0.1 m        Porous disk            0–1 cm/s                        25 oC 

                               butanol/gycerine                           

Yifeng et al. (2008)     Air–water/                 1.5/0.1 m                      Nozzles                 0–0.15 m/s        ambient pressure 

                           paraffin/K2CO3  solution                                                                                             and T = 20 oC 

 

Mandal et al. (2003)    Air–water/               1.5/0.052 m                    Nozzles                 0–0.15 m/s                      25 oC 

                                     CMC solution 

Moshtari et al. (2009)   Air–water                2.8/0.15 m                    Porous and            0–0.15 m/s                      25 oC 

                              homogeneous  flow regime                             perforated plate 

                              heterogeneous flow regime                                                                                                                                                                                   

Zhang et al. (2003)     Air–water–quartz     Tapered column       Perforated plate     0.02–0.28 m/s  1 atm and 25 oC  
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Jawad et al. (2009)    Air–water–silica            –                                –                         0.001–0.0462 m/s           25 oC                                                             

  

Abdullah (2007)       Air–water/butanol/     1.5/0.1 m         Single-hole distributor         0–0.35 m/s                     25 oC                                                                       

                                   ethanol/paraffin 

Yamagiwa et al. (1990)  Air–water           Various ratios             Nozzle                      Vj = 3–5 m/s                     20 oC 

Ghosh & Upadhyay (2007) Air–water/      2.9/0.145 m     Single-hole distributor        0–0.015 m/s                      25 oC 

                                        propylene glycol/ 

                                       carborymethyl cellulose  

Nikolic et al. (2005)   Air–water    1.84/0.254 cm               Gas distributor with              0–2 cm/s                       20 oC                                                                       

for a two phase                                                                   reciprocating plates 

for a three phase         Air–water–      and 0.86/0.092 m     

                                     polypropylene sphere                                                                                                                                                                                     

Urseanu et al. (2003) Nitrogen–glucose/   1.22/0.15 m     Perforated plate                   0–0.5 m/s                0.1–1 MPa 

                                      Telluse oil               1.22/0.23 m      Ring sparger 

 

Deckwer et al. (1980b)         –                     0.6/0.041 m       Porous sparger                 0–3.3 cm/s                143–270 oC                                                                

                                                                       1/0.1 m                                                                                       400–1 100 kPa 
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Sivasubramaniana       Air–isolmy alcohol/   2.6/0.084 m    Perforated plate                 0–0.035 m/s                 25 oC                                                      

& Naveen Prasad (2009)   propanol/ 

                                          polystyrene particles 

Shirsat et al. (2003)         Air–water/            1.5/0.0516 m      Nozzle                             gas/liquid flow                28 oC                           

                                         CMC solution                                                                           ratio = 0–1                                                                                                  

The units of the symbols in the correlations are in SI units.
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2.2.2 Measuring equipment and techniques 

Many measuring techniques for gas holdup have been reported in the literature. This study 

will only review a few of them.  

 

2.2.2.1 Overall gas holdup 

Overall gas holdup can be measured by the level expansion or pressure difference methods. 

Zhang, Zhao & Zhang (2003) and Fransolet, Crine, L’Homme et al. (2001) compared the two 

measuring techniques. Zhang et al. (2003) reported a close agreement between the two 

techniques with a maximum percentage error of ±10%, as shown in Figure 2.5.  

 

 

Figure 2.5: Comparison of the overall gas holdup measured by the pressure drop and the 
bed expansion method (Zhang et al., 2003) 

 

Fransolet et al. (2001) reported that the two techniques agree with each other at low 

superficial gas velocities but that a significant difference is observed at high superficial gas 

velocities, as shown in Figure 2.6. They explained that this deviation can be attributed to the 

fact that the volume of a column over which the gas holdup is determined is greater in the 

level expansion method than it is in the pressure difference method. 
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Figure 2.6: Gas holdup as a function of superficial gas velocity obtained by using the level 
expansion and pressure difference methods (Fransolet et al., 2001) 

 

2.2.2.2 Level expansion method 

This technique is used to measure the level of gas–liquid dispersion and gas-free liquid for 

calculating the gas holdup. Different techniques can be employed for measuring the liquid 

level, such as visual observation, bubbler tube, floater/displacers, capacitance technique, 

etc.  

 Visual observation: This is a simple technique in which the liquid level is measured 

by a ruler or by a scale attached to the column wall. It can be applied only for 

transparent columns. Orvalho, Ruzicka & Drahos (2009) reported the measurement 

of the liquid level using a ruler. They explained that this technique will give a better 

approximation in the homogeneous flow regime in which the liquid surface is well 

defined, steady and horizontal. In the heterogeneous flow regime, the liquid surface 

oscillates and the liquid level has to be measured by taking the mean of the lowest 

and highest liquid surface positions. The measurements done by the authors were 

taken from 10–20 oscillations, depending on the complexity of the motion. These 

oscillations develop gradually and their amplitude increases with the gas flowrate 

beyond the critical point. As the oscillation became intense, it became difficult to 

measure the level with the ruler. 
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 Bubbler tube: This is an inexpensive, simple and well-known technique. It does not 

have temperature restrictions and it is mostly employed in corrosive and slurry-type 

applications (Omega, 2001). It uses a dip tube installed with an open end. The 

system consists of a tube, a gas supply, a pressure transmitter and a differential 

pressure regulator. The regulator produces the constant gas flow required to prevent 

calibration changes (Bahner, 2013). When a gas, usually air or an inert gas, is 

flowing through the tube; bubbles escape from the open end. The air pressure in the 

tube corresponds to the hydraulic head of the liquid at the outlet of the dip tube. The 

air pressure in the bubble tube varies proportionally with the change in head 

pressure. This technique is affected by changes in gas flowrate and liquid density. 

The dip tube must be located far from the column bottom to prevent blockage of the 

tube opening by slurry particles. The dip tube should have a reasonably large 

diameter so that the pressure drop of gas flowing through the tube is negligible and 

prevents the clogging of the dip tube if the gas is not filtered (Omega, 2001).  

 Floater and displacers: According to Archimedes Principle, the buoyancy force 

acting on an object is equal to the weight of the fluid displaced (Omega, 2001). As 

the level changes around the displacer float, which has a constant diameter and is 

stationary, the buoyancy force varies in proportion to the level and can be detected 

to give an indication of level (Omega, 2001).  

Other level-measuring techniques are given in Table 2.2 (Omega, 2001). Many of these 

cannot be applied to molten salt bubble columns due to high operating temperatures 

and aggressive corrosion by molten salt in these systems. 
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Table 2.3: Level measuring techniques (Omega, 2001) 

Type 
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Capacitance 2000 
1–2% 

FS 
G F–G F G–L P F F P 

Interface between conductive layers and 

detection of foam is a problem. 

Conductivity 

switch 
1800 1/8 in. F P F L L L L L 

Can detect interface only between 

conductive and non-conductive liquids. 

Field effect design for solids. 

Diaphragm 350 
0.5% 

FS 
G F–G F     F F P Switches only for solid service. 

Differential 

pressure 
1200 

0.1% 

AS 
E G–E G P         

Only extended diaphragm seals or 

repeaters can eliminate plugging. Purging 

and sealing legs are also used. 

Laser UL 0.5 in. L G G   F F F F 
Limited to cloudy liquids or bright solids in 

tanks with transparent vapour spaces. 
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Microwave 

switches 
400 0.5 in. G G F G   G G F Thick coating is a limitation. 

Optical 

switches 
260 0.25 in. G F E F–G F F P F 

Refraction type for clean liquids only, 

reflection type requires clean vapour 

space. 

Radar 450 0.12 in. G G F P   P F P 
Interference from coating, agitator blades, 

spray, or excessive turbulence. 

Radiation UL 0.25 in. G E E G F G E E 
Requires nuclear regulator commission 

licence. 

Resistance 

tape 
225 0.5 in. G G G           

Limited to liquids under near-atmospheric 

pressure and temperature conditions. 

Rotating 

paddle 

switch 

500 1 in.           G F P 
Limited to detection of dry, non-corrosive, 

low-pressure solids. 

Slip tube 200 0.5 in. F P P           An unsafe manual device. 

Tape-type 

level 

sensors 

300 0.1 in. E F P G   G F F 

Only the inductively coupled float is suited 

for interface measurement. Float hang-up 

is a potential problem with most designs. 
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Thermal 850 0.5 in. G F F P F       
Foam and interface detection is limited by 

the thermal conductive involved. 

Ultrasonic 300 1%FS F–G G G F–G F F F G 

Presence of dust, foam, dew in vapour 

space; sloping or fluffy process material 

interferes with performance. 

Vibrating 

switches 
300 0.2 in. F G G F   F G G 

Excessive material build-up can prevent 

operation. 

AS = in % of actual span, E = Excellent, FS = in % of full scale, F = Fair, G = Good, L = Limited, P = Poor and UL = unlimited. 
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2.2.4 Effect of operating parameters on gas holdup  

Gas holdup depends on the rising velocities of the bubbles. High gas holdup is attained for 

low bubble rise velocities due to high bubble residence time. On the other hand, bubble rise 

velocity is dependent on bubble sizes. Also, gas holdup is affected by the number of bubbles 

in the column at a given superficial gas velocity.  

 

2.2.4.1 Superficial gas velocity 

Li & Prakash (2000) reported that gas holdup due to both small and large bubbles increases 

with superficial gas velocity. Gas holdup due to large bubbles was found to be lower than 

gas holdup due to small bubbles since large bubbles rise faster than small bubbles. The 

difference between the two gas holdups was found to decrease as the superficial gas 

velocity increases due to increased bubble coalescence. 

 

Kumar et al. (1997) reported the effect of superficial gas velocity on the radial variation of 

gas holdup. They found an increase in local gas holdup with superficial gas velocity for all 

column radii, excluding the region close to the column wall. Gas holdup increased 

insignificantly for lower gas velocities, showing a flatter profile, which confirms a bubbly flow 

regime at the experimental conditions used. At higher gas velocities the gas holdup profile 

became parabolic.  

 

2.2.4.2 Operating temperature 

Malayeri, Muller–Steinhagen & Smith (2003) also reported the effect of temperature on gas 

holdup. They explained that an increase in temperature will result in the lowering of surface 

tension and liquid viscosity, and an increase in vapour pressure. These combined effects will 

result in an increase in the drainage and evaporation of the liquid film between the bubbles 

and will thus enhance bubble coalescence. The authors also observed that a variation in gas 

holdup becomes more significant near the boiling point.  

 

Bukur, Petrovic & Daly (1987) reported the effect of temperature on gas holdup using 

Fischer–Tropsch-derived paraffinic wax as a liquid medium. Studies were done in a 

temperature range of 150–280 oC, where foamy and turbulent regimes were observed for 

the superficial gas velocities used. In the foamy regime, gas holdup increased with 

temperature, except for the gas holdups measured at 250 oC and 265 oC. In the turbulent 

bubbling regime, the effect of temperature on gas holdup was very small for the temperature 

range of 160–280 oC.  
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2.3 Axial dispersion coefficient 

The modelling of bubble column reactors is often carried out assuming ideal plug flow 

patterns for both the gas and liquid phases. However, such ideal fluid flow does not exist in 

bubble columns and plug flow assumptions can result in deviations of design calculations 

from reality (Nikolic, Nikolic, Veljkovic et al., 2004). However, in the homogeneous regime, 

plug flow is normally assumed since the deviation from reality is minimal. 

 

This non-ideal behaviour of fluid flow decreases the reactant conversion and affects the 

selectivity. The study of non-ideal flow is therefore of particular importance for the design 

and scale-up of bubble columns reactors and therefore it cannot be ignored (Nikolic et al., 

2004). Neglecting non-ideal flow can lead to detrimental errors when modelling, designing 

and optimising bubble columns. 

 

Two opposite magnitudes of axial dispersion may be desired when designing bubble 

columns depending on the application. Most frequently, it is desired to have as low an axial 

dispersion as possible to maintain the highest concentration driving force throughout the 

column and attain higher reactant conversion (Dhanasekaran & Karunanithiy, 2010). 

However, for the aerobic biological reactions operated in a semi-batch mode, it is desired to 

attain a high axial dispersion as possible to ensure homogeneity in the fermentation broths.  

      

The liquid backmixing is a result of various mechanisms, namely liquid circulations due to 

non-uniform radial gas holdup, turbulent diffusion due to the eddies generated by rising 

bubbles and molecular diffusion (Degaleesan & Dudukovik, 1998). Non-ideal flow of gases is 

frequently encountered with wide bubble size distribution where gas bubbles travel with 

different velocities. The rising bubbles carry the liquid upwards and the liquid has to return 

downwards near the walls of the column, causing circulation patterns (Lakota, Jazbec & 

Levec, 2001). Backmixing of the phases is therefore dependent on the magnitude of liquid 

circulations.      

 

2.3.1 Circulation patterns 

Circulation cells occur in the heterogeneous flow regime. This is a high-interaction flow 

regime which is characterised by circulation cells and polydispersed bubbles. In this flow 

regime, gas holdup is non-uniformly distributed in the radial direction, as shown in 

Figure 2.7. The radial variation of gas holdup results in a variation of gravitational pressure in 

the radial direction, which increases from the column centre towards the column wall (Joshi 

et al., 2002). As a result, liquid circulation will develop because of gravitational pressure 
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variations. In a circulation cell, the liquid flows in the upwards direction in the column centre 

and downwards near the column wall. The liquid flow is zero at 
0r  before flowing down near 

the wall. 
0r  is the radius of the column in which the liquid velocity is zero. 

 

 

Figure 2.7: Schematic diagram of gas holdup and liquid velocity profile 
 

One of the causes of backmixing of the phases is liquid circulation. The rising bubbles in a 

bubble column carry the liquid in their wakes and in between them in the case of higher gas 

loading (Groen, Oldeman, Mudde et al., 1996). The liquid carried by bubbles has to flow 

down and thus results in the liquid circulation. 
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Figure 2.8: Liquid circulation patterns in bubble columns 

 

In the circulation loop of the reactor, the liquid rises through the centre and flows downwards 

near the column walls, as shown in Figure 2.8. Most of the gas bubbles rise up the column 

centre and leave the reactor at the top surface. However, smaller gas bubbles will circulate 

along with the liquid since they do not have enough buoyancy to disengage and leave the 

column (Gupta, Ong, Al-Dahhan et al., 2001). The circulation mechanism is also facilitated 

by bubble–bubble interactions, bubble wakes and shear-induced turbulence. Phase 

circulation is therefore the main course of backmixing. 

R R0
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CHAPTER 3:  EXPERIMENTAL SETUP AND PROCEDURE 

3.1 Experimental setup 

A schematic diagram and a photograph of the experimental setup used are shown in 

Figures 3.1 and 3.2 respectively (See Appendix 10 for a photograph of the insulated 

experimental setup). The experimental setup was designed to be operated with molten 

lithium chloride (LiCl) and potassium chloride (KCl) eutectic at 450 oC. Before the column 

was loaded with the salt, it was necessary to test its performance with liquids that are easy 

to handle. Tap water and heat transfer oil 32 were used for this purpose. Heat transfer oil 

was used to study the behaviour of the experimental setup as the temperature is ramped up.  

 

 
 

Figure 3.1: Schematic diagram of the experimental setup 
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 Figure 3.2: Photograph of the experimental setup  

 

Experiments were carried out on the bubble column operated with water at 40 oC, heat 

transfer oil at 75, 103 and 170 oC, and molten LiCl–KCl eutectic at 450 oC. The physical 

properties of the liquids are given in Table 3.1. Argon gas was bubbled through the column 

via the perforated plate gas distributor. The experiments were operated batchwise with 

regard to the liquids and continuously with regard to argon. Heat was induced into the 

column with the aid of three heating tapes. The liquid level was measured with a short and a 

long bubbler tube. The height difference between the tip of the two bubbler tubes and the 

gas distributor was fixed to 1.306 and 1.118 m for the short and long bubbler tubes 

respectively. 
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Table 3.1: Physical properties of the liquids 

T  
(oC) 

L  

(kg.m-1.s-1) 

k  
(W.m-1.K-1) 

L   

(kg.m-3) 

Water 

40 0.000651 0.632 992.2 

Heat transfer oil 32 

75 0.0112 0.13 828.9   

103 0.00428 0.128 819.0    

170 0.00154 0.123 775.2 

Paratherm heat transfer fluid 

81 0.00857 0.126 820.0 

LiCl–KCl eutectic mixture 

450 0.003441 0.00346 1628 
 

  

3.1.1 Column  

The bubble column was made from copper pipe and had an inside diameter, outside 

diameter and height of 108 mm, 118 mm and 2.5 m respectively. The liquid level was 1.3 m 

when the experiment was run with water and heat transfer oil. The copper pipe was 

manufactured by rolling and welding a copper plate to form the pipe. The welding on the pipe 

was X-rayed and tested for leakages using air at 6 bar. The bottom of the column was 

closed with a welded copper disc. After the tests had been completed, water was drained by 

siphoning using a hosepipe, whereas the heat transfer oil was drained by tilting the column. 

Four Swagelok fittings were welded onto the column lid to fit the column tubing. In addition, 

the lid had a hole through which to feed the salt and other liquids to the columns.  

 

3.1.2 Gas supply 

Argon gas was supplied to the system from a cylinder containing 17.5 kg gas and 

pressurised to 200 bar. The cylinder was fitted with a pressure regular to reduce the 

downstream pressure to the desired working conditions. Tubes of different material, 

6.35 mm diameter, were used as gas lines. Plastic tubing was used for the gas line from the 

cylinder to the stainless steel tube with a length of 20 mm from the column lid. Stainless 

steel tubing was used inside the column to feed argon to the gas distributor. The argon was 

therefore pre-heated by heat exchange with the column media. 

 

3.1.3 Gas distributor 

Argon was bubbled through the column via a perforated plate gas distributor made of 

stainless steel. A perforated plate with a diameter of 96 mm, 15 mm pitch and holes with a 

diameter of 0.5 mm was used. The perforated plate had 17 small holes and two large holes 
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of 6.5 mm diameter, as shown in Figure 3.3 (Appendix 8 shows the design of the 

perforations). Two argon inlet tubes were fitted in the 6.5 mm holes.  

 
Figure 3.3: Perforated plate showing the arrangement of the orifices 

 

As shown in Figure 3.4, the gas distributor was made from the perforated plate welded to the 

gas chamber below it. The gas distributor had a V-shaped gap to enable it to pass the 

thermowells inside the column when it was inserted through the top of the column during 

installation. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Gas distributor fitted with ¼ in. stainless steel tubing 
 

3.1.4 Heat transfer section 

Three heating tapes, each with dimensions of 3 000 mm × 44 mm and a power rating of 

1 570 W, were used as the heat source. Each heating tape was wrapped around the copper 

pipe to form a heating zone of 350 mm in length. Thus the total length of the heating section 

was 1 050 mm. The top and bottom heaters were used as guard heaters to minimise the 

Perforation Tubing 

Gas chamber 

Perforated 

plate 
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axial heat conduction at the ends of the heater in the middle. The heat transfer flux from the 

middle heater could be measured accurately and hence by using the power input of the 

middle heater, the heat transfer coefficient could be calculated accurately. The heating tapes 

were insulated with ceramic fibre insulation which was vacuum-formed and moulded to a 

thickness of 75 mm and i.d. of 135 mm. Temperature differences were measured at five 

different points along the column using pairs of type K thermocouples with 2 mm diameter 

sheaths. 

 

Each pair consisted of a thermocouple that measures the wall temperature and another that 

measures the liquid temperature. The spacing between the five pairs of thermocouples was 

170 mm. Liquid temperatures were measured by inserting thermocouples through the 

thermowells which are welded to the copper pipe. The thermowells were made from ¼ in. 

stainless steel tubing welded to a copper rod and the total length of each thermowell was 

30 mm. In order to measure the wall temperature accurately, the thermocouples were silver-

soldered on the outside wall of the copper pipe, as shown in Figure 3.5. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.5: Thermocouples soldered to the wall of the copper pipe 
 

The tips of the thermocouples in a pair were placed at the same axial position. This was 

done to account for the fact that a temperature gradient formed along the height of the 

column. The thermocouples were calibrated using a water bath with a uniform temperature 

and the average error in the calibration results was less than 0.35 oC (see Appendix 7). 

 

The power of the heaters was controlled by the AC voltage controllers. A voltage stabiliser 

was also installed to supply the voltage controllers with a stable voltage. To balance the 

system, heat was removed by cooling water flowing through the copper tube on the inside of 

Soldered 

thermocouples 
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the column. The removal of heat by the cooling water also increased the temperature 

difference and therefore improved the accuracy of the measurements. The coiled copper 

tube was positioned above the heating section so that it did not significantly change the 

hydrodynamics in the heating section. Above the heating section, the column was also 

insulated to maximise the absorption of heat by the cooling water.  

 

The rate of heat transfer was obtained by measuring the voltage across an electric current 

flowing through the heating tapes. A multimeter was used to measure the voltage and a 

clamp current meter was used to measure the current. The measurements of the rate of heat 

transfer were confirmed by calculating the energy balance over the cooling water coil.  

 

3.1.5 Modified experimental setup 

Due to the column failing when it was operated with molten salt, it had to be modified. 

Figure 3.6 shows the modified experimental setup that was also used to measure the heat 

transfer coefficients. The column was modified by making the following changes: 

 The height of the column was reduced from 2.5 m to 1.4 m. 

 The liquid level was reduced from 1.3 m to 0.9 m. 

 Heating tapes were replaced with heating cables. 

 The liquid temperature was measured by long thermocouples inserted from the 

column lid. 

 The thermowells were omitted.  
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Figure 3.6: Schematic diagram of the modified experimental setup 
 

3.2 Experimental procedure 

3.2.1 Heat transfer coefficient 

The heat transfer coefficient was calculated from Equation 3.1: 

 

                                                            

    
)( BW TTA

Q
h


                                                   [3.1] 

 
 

where  Q  is the rate of heat transfer, A  is the heat transfer area, WT  is the wall temperature 

and 
BT  is the bulk liquid temperature. The rate of heat transfer is calculated from: 
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                                                                 lossQPQ                                                   [3.2] 

where,                       

                                                                 
L

T
AkQ iloss 


                                              [3.3] 

 

where P  is the electrical power, lossQ  is the heat loss from the heating tapes to the 

surrounding environment, ik  is the thermal conductivity of the insulation material, L  is the 

distance between the measured temperature difference and  is the temperature 

difference at L  ( L = 45 mm was used). 

 

3.2.1.1 Column operated with water  

The experiments were conducted as follows: 

 The column was filled with water up to a level of 1.3 m. 

 The heaters were switched on to increase the temperature of the water. 

 The rotameter for the cooling water was turned on to remove heat from the column 

and increase the temperature difference between the column wall and the liquid. 

 After the heaters had stabilised, the liquid temperature was controlled at 40 oC. 

 Rotameters were used to control the argon flowrate to superficial gas velocities in the 

range of 0.006–0.05 m/s. 

 Measurements and readings were taken after the system had reached steady state. 

 Power and temperature readings were taken at each gas flowrate. 

 The experimental procedure was repeated four times on different days for each 

superficial gas velocity. 

 

3.2.1.2 Column operated with heat transfer oil 

The experimental procedure for heat transfer oil at 75 oC and 103 oC was performed in a 

similar way to that for water, except that at 170 oC the system was operated without cooling 

water. The power of the heating tapes could not raise the oil temperature up to 170 oC while 

heat was being removed using the cooling water. Also, at 170 oC when the column was 

operated without cooling water, the temperature difference between the column wall and the 

liquid was high enough to be measured accurately. The insulation above the heating section 

was removed so that heat could be removed through the upper column wall. Furthermore, 

for the experiments at 103 oC, the heating tapes were at maximum power for higher 

superficial gas velocities and cooling water was used to control the liquid temperature. 

iT



Chapter 3                                                                            Experimental setup and procedure 

41 

3.2.1.3 Column operated with molten salt mixture  

The salt used was a eutectic mixture of LiCl and KCl. Approximately 18 kg of the salt 

eutectic was weighed and melted. The masses of LiCl and KCl were 8 kg and 9.95 kg 

respectively. This was achieved by initially melting 13.6 kg of the salt eutectic at 450 oC and 

filling the heating zone with the salt in a molten state. The remaining 4.35 kg was then added 

and quickly melted as it settled in the pool of molten salt. See Appendix 9 for a detailed 

calculation of the amount of each salt in the eutectic mixture. 

 

3.2.2 Gas holdup 

Appendix 6 shows the derivation of the equations needed to calculate the gas holdup. The 

procedure for measuring the gas holdup was the same for all the liquids used. 

 The argon flowrate was controlled with the aid of rotameters.  

 The argon flow was switched on and the flowrate varied to give a superficial gas 

velocity in the range of 0.006 m/s to 0.05 m/s. 

 The flowrate in the bubbler tubes was kept at 2–3 l/h for all level measurements. 

 Bubbler tubes were used to measure the change in the liquid level due to an increase 

in the superficial gas velocity. 

 Manometer readings were taken at each argon flowrate. 

 This procedure was done three times. 

3.3 Experimental understanding 

3.3 1 Impact of cooling water 

The heat transfer area of the bubble column was very large. Therefore for the operating 

temperatures of 40 oC, 75 oC and 103 oC a low heat was needed in order for the system to 

reach steady state at the desired operating temperature. Heat loss from the column contents 

to the surroundings was therefore very low and that could have reduced the temperature 

difference between the column wall and the liquid to below 1 oC, which could be difficult to 

measure accurately. More heat was therefore removed to increase the temperature 

difference to a value that could be measured accurately. Heat was removed by using cooling 

water flowing through a ¼ in. coiled copper tube. In order to keep the system at steady state 

at the desired temperature, more heat was added to compensate the heat absorbed by the 

cooling water. Additionally, the use of cooling water was useful in the verification of the 

measurements of electrical power. 
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3.3.2 Comparison between stainless steel and copper bubble column 

Since bubble columns have high values of heat transfer coefficients, a copper pipe was 

considered for measuring the heat transfer coefficient because of its higher thermal 

conductivity. This higher thermal conductivity ensures that the resistance to conductive heat 

transfer is higher than the resistance to convective heat transfer, so that the radial and axial 

temperatures in the pipe wall can be distributed faster and attain uniformity. For an 

aggressive medium such as molten salt, stainless steel is a good material of construction. 

However, the thermal conductivity of stainless steel is 25 W.m-2.K-1 which is very low 

compared with the 300 W.m-2.K-1 of copper. As a result, the temperature might not be 

uniform when a stainless steel pipe is used. 

 

The temperature profile for a copper pipe as heated in the experimental column was 

compared with that of a stainless steel pipe by modelling the two-dimensional heat 

conduction in the pipe wall using the software package Abaqus Version 6.12. The modelling 

was done on a pipe wall 8 mm thick and with a spacing of 20 mm between two heating 

elements that are at the same temperature. The boundary conditions were as follows: 

 It was assumed that the two heating elements are at the same temperature of 72 oC. 

Therefore the top and bottom boundary conditions were that the temperature is 

72 oC. 

 On the inner side of the pipe, there is a gas-liquid dispersion with a heat transfer 

coefficient of 2 000 W.m-2.K-1. 

 On the outer side of the pipe, there is natural convection by air with a heat transfer 

coefficient of 10 W.m-2.K-1.  

 

Figure 3.7 shows the calculated two-dimensional temperature profile in the wall of a 

stainless steel pipe. The temperature was not uniform since there was a temperature 

difference of about 5 oC between the maximum and minimum temperatures. It would 

therefore be difficult to measure the temperature difference between the wall and the liquid 

in the column accurately when using stainless steel. The average inner wall temperature 

would not be estimated accurately due significant non-uniformity of the temperature in both 

the axial and radial directions. It could also be difficult to position the thermocouple in the 

column wall in such a way that it measures the inner wall temperature accurately. This is 

because the distance between the bi-metallic coupling of the thermocouple and the tip of the 

thermocouple sheath is not known, thus making it difficult to compensate for the heat 

conduction through the column wall when estimating the inner wall temperature.  
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Figure 3.7: Temperature profile between spacing of heating elements for a stainless steel 
pipe  

 

Figure 3.8 shows the predicted two-dimensional temperature profile of the wall of a copper 

pipe. As shown in the figure, the temperature is uniform in both the axial and radial 

directions, with a temperature difference of about 0.8 oC between the maximum and 

minimum temperatures. The high thermal conductivity of a copper pipe ensures a nearly 

uniform temperature in the wall. Such temperature uniformity is important due to the fact that 

the thermocouple at the wall could be positioned almost anywhere in the axial or radial 

directions and still give a good measurement of the inner wall temperature of the pipe. The 

temperature difference would therefore be measured accurately when a copper pipe was 

used and that was the main reason for choosing a copper pipe for the experiments. 
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Figure 3.8: Temperature profile between spacing of heating elements for a copper pipe  
 

3.3.3 Modelling of the temperature profile in the thermowell 

Thermowells were welded to the bubble column wall. Figure 3.9 shows a photograph of one 

of the thermowells that were used to measure the liquid temperature. The copper part of the 

thermowell was threaded to allow it to be fitted to the threaded hole in the column wall. The 

fitted thermowell was then welded onto the column wall for proper sealing. Stainless steel 

extensions were welded onto the copper thermowells. Stainless steel was included in the 

thermowell because there is a large temperature gradient on the heated stainless steel 

which ensures a good representation of the liquid temperature to be measured. When the 

column wall is being heated, the thermowell conducts heat and that poses challenges with 

regard to isolating the heat conducted by the thermowell and the sensitivity of the 

thermocouple that measures the liquid temperature. The thermowell should therefore be a 

poor conductor of heat in order for the thermocouple to measure only the liquid temperature 

without sensing any heat from the wall.  
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Figure 3.9: Thermowell used for temperature measurements   

 

The purpose of this modelling was to determine whether the temperature measured at the tip 

of the well would be representative of the liquid surrounding the tip, thus confirming the 

reason for the inclusion of stainless steel in the thermowell for measuring a liquid 

temperature correctly. Assuming that there is no temperature gradient in the radial direction 

of the wall of the thermowell, the energy balance for a small element of x  is given by: 

 

)(2 Bxxx TTxhqq                                                      [3.4] 

 

Rearranging Equation 3.4 and dividing the equation by x  gives: 
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                                      [3.5] 

 

  BTTrh
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dq
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Differentiating and rearranging Equation 3.7 gives: 

 

 BTT
kA

rh

dx

Td


2
2

2

                                               [3.8] 

 

Let yTT B    and 22
b
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rh

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Differentiating yTT B   twice gives: 

 

2

2

2

2

dx

yd

dx

Td
                                                     [3.9] 

 

Substituting Equation 3.9, y and b  into Equation 3.8 gives: 

 

02

2

2

 yb
dx

yd
                                                 [3.10] 

 

The general solution to Equation 3.10 is given by:  

  

                                                              
bxbx

eCeCy 21  
                                            [3.11] 

 

Substituting Equation 3.11 into yTT B   gives: 

 

bxbx

B eCeCTT 21                                       [3.12] 

 

Differentiating Equation 3.12 gives: 

 

 bxbx
eCeCb

dx

dT
21                                           [3.13] 

 

The boundary condition at beginning of the thermowell is: 

 

WTT   at 0x  
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Substituting the above boundary condition into Equation 3.12 therefore gives: 

 

21 CCTT BW                                            [3.14 

 

The boundary condition of the tip of the thermowell is: 

 

)( Bt TTh
dx

dT
k 






  at Lx   

 

Substituting the above boundary conditions into Equation 3.13 gives: 

 

 bxbx

B

t eCeCbTT
k

h
21)(                                           [3.15] 

 

Substituting Equation 3.12 into Equation 3.15 yields: 
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k

h
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                            [3.16] 

 

Substituting Equation 3.14 into Equation 3.16 and making 
1C  the subject of the equation 

gives: 
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1                                    [3.17] 

 

For L  = 0.03 m, 
BT  = 40 oC, 

WT  = 45 oC, 
steelk  = 25 W.m-2.K-1, 

copperk  = 300 W.m-2.K-1, 

th  = 3 000 W.m-2.K-1, r = 3.175 mm, Equation 3.12 is plotted in Figure 3.10. The 

temperature gradients for copper and stainless steel thermowells are plotted and compared. 

As shown in Figure 3.10, the stainless steel thermowell gives a better representation of the 

liquid temperature in a bubble column due to the large temperature difference between the 

beginning and the tip of the thermowell. It was concluded that a stainless steel tip of 12 mm 

would be adequate. 
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Figure 3.10: Temperature profile for stainless steel and copper thermowells 
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CHAPTER 4:  RESULTS AND DISCUSSION 

4.1 Heat transfer coefficient 

4.1.1 Column operated with water 

Table 4.1 shows the values of heat input, which is the rate of heat generated by the heaters 

and transferred to the column; and heat output, which is calculated from the energy balance 

of the cooling water.  

 

Table 4.1: Comparison of heat input and heat output 

 

 

 

 

 

 

 

 

 

When the system reaches steady state, heat input must equal to heat output. It was found 

that the values of heat input and heat output are close to one another, with some small 

errors that were regarded as acceptable. Therefore, the rate of heat transfer was measured 

accurately. Table 4.2 shows the values of the temperature difference at different axial 

positions of the copper pipe. The second difference pair, 2V , was omitted from the 

calculations of average temperature difference because, according to Dixon’s test of outliers, 

there is more that 95% confidence that it is an outlier (Grubbs, 1969).  

 

Table 4.2: Temperature difference measured at different axial positions of the heating zone 

for  = 0.031 m/s 

 

 

 

 

 

It was expected that the temperature difference between the wall and the liquid would be 

uniform as a result of the high thermal conductivity of the copper metal. The values of the 
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0.023 2 386.9 79.5 2 307.4 2 248.1 2.6 

0.031 2 795.0 91.8 2 703.2 2 546.1 5.8 
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0.046 3 665.9 118.5 3 547.4 3 367.3 5.1 
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temperature difference are close to one another with the standard deviation, s , of 0.192 and 

this confirms the uniformity of the wall temperature.  

 

 

Figure 4.1: Different runs for measuring the heat transfer coefficient 

 

The experiments for measuring the heat transfer coefficient were repeated several times on 

different days to check the repeatability of the experimental setup. The results of different 

runs in Figure 4.1 show that the experiment was repeatable, with an experimental error 

ranging from 0.5 to 4% (Appendix 1 and 4 shows the values of experimental error and how 

was it calculated, respectively). The heat transfer coefficient increases with superficial gas 

velocity. As the superficial gas velocity increases, the number of bubbles increases and this 

reduces the surface film thickness. The heat transfer coefficient will thus be lowered as a 

result of the reduced surface film thickness. 

 

The measured heat transfer coefficients were compared with those in the literature, as 

shown in Figure 4.2. Recent developments regarding work on the wall heat transfer 

coefficient are very rare and the comparison was therefore made with the old research work.  
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Figure 4.2: Comparison of experimental heat transfer coefficient with the literature for 
measurements in water medium  

 

The experimental values for the heat transfer coefficient are in good agreement with those of 

Kast (1963), and in somewhat less good agreement with those of Deckwer (1980a), Hart 

(1976) and Fair et al. (1962). However, the results of Kast (1963) might have deviated from 

the other literature results because of uncertainties in the way the correlation of Kast (1963) 

is written. In Table 2.1 (Chapter 2) the gas viscosity is included in the correlation of Kast 

(1963) which is peculiar.  

 

The experimental results for the heat transfer coefficients that were measured in the 

modified experimental setup in Figure 3.6 (Chapter 3) are shown in Figure 4.3. These results 

show better agreement with the literature compared with those in Figure 4.2. The difference 

in the results obtained for these two systems could be attributed to the difference in the way 

the liquid temperature was measured in the two systems. In the modified setup, the 

thermocouples that were inserted from the column lid were closer to the inner surface of the 

bubble column. In Figure 3.2 (Chapter 3) the liquid temperature was measured by using 

thermowells that were 30 mm long and they measured the liquid temperature near the 

column centre. Therefore, the thermowells contributed to a slightly larger temperature 

difference compared with the thermocouples in the modified system. 

 

0

1,000

2,000

3,000

4,000

5,000

6,000

0.00 0.01 0.02 0.03 0.04 0.05 0.06

h
 (

W
.m

-2
.K

-1
) 

UG (m/s) 

Experimental Deckwer (1980) Hart (1976)

Kast (1963) Fair et al. (1962)



Chapter 4                                                                                              Results and discussion 

1. Results for the modified setup are shown only in Figure 4.3, all the other results are for the setup in 

Figure 3.2. 

52 
 

 

Figure 4.3: Comparison of experimental heat transfer coefficient with the literature for 
measurements in water medium in the modified experimental setup1 

 

It is normally assumed that there is no radial temperature profile between the column centre 

and a liquid–film interface. However, there is a temperature gradient from the column centre 

towards the wall and the assumption of no temperature gradient can result in disparities 

between the measurements of the temperature between the wall and the fluid. In Appendix 5 

it is shown that the temperature difference between the column centre and a liquid–film 

interface could be 0.4 oC or more. For the temperature differences that were measured in 

the system shown in Figure 3.2 (Chapter 3), as shown in Table 4.2 above, the radial 

temperature profile could have affected the measurements by about 20%. 

 

4.1.2 Column operated with heat transfer oil  

Heat transfer coefficients for the argon–heat transfer oil system are shown in Figure 4.4. 

Similar to the argon–water system, the heat transfer coefficient increases with superficial gas 

velocity due to an increased number of bubbles and turbulence in the system. For the 

operating temperatures of 75 oC and 103 oC, the heat transfer coefficient flattened out above 

a superficial gas velocity of 0.035 m/s. At the operating temperature of 170 oC, the heat 
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transfer coefficient increased significantly. At  = 0.05 m/s, the heat transfer coefficient of 

the second graph was lower than that at 
 
= 0.045 m/s. At 

 
= 0.05 m/s, the operating 

temperature was controlled to 98 oC instead of 103 oC because the heating tapes were 

already at their maximum power and the cooling water could not control the temperature 

effectively. Since the measurements at 103 oC were not done at constant temperature, the 

slight differences in physical properties affected the results. 

 

 

Figure 4.4: Heat transfer coefficient at different temperatures 

 

The heat transfer coefficients for the argon–heat transfer oil system are lower than those 

obtained for the argon–water system. The viscosity of heat transfer oil is higher than that of 

water. The bubble sizes increase with an increase in liquid viscosity. Large bubbles rise at 

the core of the bubble column with little turbulence at the column wall. Therefore, the wall 

heat transfer coefficient of the oil compare to that of water is significantly affected by the 

liquid thermal conductivity than the viscosity. The high heat transfer coefficient of the argon–

water system is therefore attributed to the higher thermal conductivity of water compared to 

heat transfer oil. On the other hand, as shown in Figure 4.4, the heat transfer coefficient 

increases with an increase in temperature.  

 

There are no data available in the literature for heat transfer coefficients in a bubble column 

operated with heat transfer oil 32. The experimental values at 75 oC were compared with 

those of another heat transfer fluid. Yang, Luo, Lau et al. (2000) measured the heat transfer 
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coefficient in a bubble column operated with air and Paratherm NF heat transfer fluid at 

81 oC and 4.2 MPa.  

 

Differences between the experimental results and the literature are attributed to different 

physical properties of the two oils. It can also be observed in Figure 4.5 that the heat transfer 

coefficient for the heat transfer fluid is lower than that when the system is operated with 

water; this confirms that an increase in liquid viscosity decreases the heat transfer 

coefficient.  

 

 

Figure 4.5: Comparison of heat transfer coefficients with the literature for measurements in 
heat transfer oil medium 

 

4.1.3 Column operated with molten salt mixture 

The photographs in Figure 4.6 show the mechanical failure of the experimental setup after it 

had been operated with molten salt. The weld of the thermowells failed and caused the salt 

to leak. The molten salt was then exposed to oxygen and caused an aggressive corrosion of 

the pipe within hours. All three heating tapes were also damaged beyond repair by the 

molten salt. 
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Figure 4.6: Copper pipe damaged by leakage of molten salt  
 

After the salt had leaked through the welds of the thermowells and the column, it was 

decided to cut the 2.5 m copper pipe into a 1.4 m length and heat it with ceramic band 

heaters. A ceramic band heater with three heating zones was used because the heating 

cables shown in Figure 3.6 (Chapter 3) were damaged and they could not be used again. 

The new test rig did not have any thermowells, although there were some other welds since 

the pipe was a welded copper plate. Figure 4.7 show the experimental setup before the salt 

was loaded. 

 

 

Figure 4.7: Experimental setup before salt leakage (new test rig) 
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After the column in the new test rig had been operated with molten salt, it was also found to 

have leaked at the welds. Figure 4.8 shows the experimental setup after the salt had leaked 

out of the column. 

 

 

Figure 4.8: Experimental setup after salt leakage 
 

4.2 Gas holdup 

4.2.1 Column operated with water 

As shown in Figure 4.9, gas holdup increases with superficial gas velocity (experimental 

data for gas holdup can be obtained in Appendix 2). As the superficial gas velocity 

increases, the number of bubbles increases, thus increasing the gas holdup. The 

experimental results were in good agreement with the literature.      
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Figure 4.9: Comparison of experimental results for gas holdup with the literature 
 

 

4.2.2 Column operated with heat transfer oil 

The gas holdup for the heat transfer oil also increased with superficial gas velocity and 

temperature, and was greater than that of the argon–water system. This can be attributed to 

the higher operating temperature. 

 

 

Figure 4.10: Experimental gas holdup at heat transfer oil 
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4.3 Mechanistic model for dispersion coefficients 

4.3.1 Liquid flow model 

Ueyama & Miyauchi (1970) applied a force balance equation to develop a theoretical model 

for predicting a liquid velocity profile. Equation 4.1 is basically the sum of forces acting on 

liquid in a bubble column. 

 

                            g
dZ

dP
r

dr

d

r
LG   1

1
                              [4.1]       

 

where r  is a radial coordinate,   is the shear stress, P  is the pressure and Z  is the axial 

coordinate. 
 

 

The shear stress is given by: 

                               

                                            

  







dr

du
LtM                                      [4.2] 

 

where is u  the interstitial liquid velocity, 
M  is the molecular viscosity (whose contribution is 

due to the random movement of molecules) and 
t  

is the turbulent kinematic viscosity 

(whose contribution to momentum exchange is due to circulation cells). Integrating 

Equation 4.1 between 0r  and Rr   gives: 
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                  [4.3] 

 

where 
W  is the shear stress at the wall. Substituting Equations 4.3 and 4.2 into 

Equation 4.1 (neglecting 
M  in the turbulent core), one obtains the modified basic equation 

for axial liquid flow in the turbulent core: 
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Equation 4.4 can be solved by applying the following simplifying assumptions: (a) 
t  is 

constant throughout the turbulent core region of the column, and (b) the profile of the gas 

holdup is approximated by Equation 4.5: 
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G

G

n

n 

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
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 1
2

               [4.5] 

 

Boundary conditions:    

 

                                             0
dr

du
 at  0r  

 

Ueyama & Miyauchi (1979) used the universal velocity profile to model the laminar sublayer 

at the wall, assuming that both the laminar sublayer and the buffer layer consist of only 

liquid. The liquid velocity at the wall was found to be equal to: 
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The solution that satisfies the above boundary conditions is given by: 
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Let 
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From the boundary condition at Rr  , the shear stress at the wall is given by: 
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Substituting Equation 4.9 into Equation 4.8 yields: 
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Substituting Equations 4.7 and 4.8 into Equation 4.6 gives: 

 

                                                  22 11  n
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From Equation 4.5, let 
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n
M G
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Equation 4.5 then becomes: 

 

                                                                 n

G M   1                          [4.13] 

 

However, there are four unknowns in Equation 4.6, namely: an interstitial liquid velocity, the 

liquid velocity at the wall, the shear stress at the wall and the turbulent kinematic viscosity. 

These unknowns can be estimated by substituting Equation 4.6 or Equation 4.11 and 

Equation 4.9 into a liquid mass balance expression inside the column, as given by:  

 

                                                    012
0

 drru G

R

L                 [4.14] 

 

Equation 4.14 implies that the sum of the liquid mass flowrates in the circulation patterns is 

equal to zero for a semi-batch column. 

 

In Equation 4.14, by substituting Rr  , one obtains:             
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                                                                      
1

0

2 0)1(2  duR G
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Substituting Equations 4.11 and 4.13 into Equation 4.15 gives: 
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Integrating Equation 4.16 yields: 

 





































22
2

42
2

42
2

2
2

22
2

42
2

42
2

2
2

n
MuR

n
NRPRuR

n

W

n

W

  

0
42422

2
4242

2

1

0

42422
2

4242
2 




































nnn
NMR

nn
PMR

nnnnn     

             [4.17] 

 

Simplifying Equation 4.17 yields: 
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Substituting Equation 4.10 into Equation 4.18 gives: 
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Simplifying Equation 4.19 gives: 
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Wu  can be calculated by solving the quadratic formula provided that the values of 
tv , R , n , 

g  and 
G  are known. u  will therefore be calculated for any radial position. The correlations 

to calculate exponential factor, n , are not generally available. However, in the churn 

turbulent flow regime, the exponential levels off to a value of approximately 2 as the superfial 

gas velocity increases (Shaikh & Al-Dahhan, 2005). 

 

4.3.2 Model for turbulent viscosity and dispersion coefficients 

In this section, a mechanistic model for estimating the kinematic turbulent viscosity and 

dispersion coefficient was developed. A similar approach to that of Ueyama & Miyauchi 

(1979) was used in developing the model. The major difference is that, whereas Ueyama & 

Michauchi (1979) determined the turbulent viscosities by fitting their model to liquid 

velocities, this work describes a way of estimating kinematic turbulent viscosity using a 

mechanistic model for the momentum exchange in bubble columns.  

 

The turbulent viscosity is a function of the liquid flow patterns that cause momentum 

exchange between circulation cells. For ordinary molecular viscosity, the mechanism of 

momentum exchange is the random movement of molecules between different layers of flow 

which exchange momentum. In the case of turbulent flow on a larger scale, liquid eddies 

exchange momentum in a similar way to that of the molecules in viscous flow. In a bubble 

column, it is assumed that the circulation cells cause exchange of momentum.  

 

Analogous to the kinetic gas theory for molecular viscosity or to the Prandtl mixing length 

theory for turbulent flow, the turbulent viscosity is defined as the product of the mass flux 
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across the surface of a differential control volume and a penetration depth which is the 

distance that liquid in a circulation cell has to travel before it acquires the same momentum 

as that of the liquid in its new environment. 

  

 

Figure 4.11: Schematic diagram depicting the momentum exchange between circulation 
cells 

 

Figure 4.11 shows the mechanism of momentum exchange in bubble columns. In order to 

estimate the turbulent viscosity, the mass flux, G , across the curved surface where the liquid 

velocity is zero is used. The turbulent viscosity is the product of this mass flux and the 

distance that has to be travelled by a lump of fluid for it to change momentum,  , as given 

by: 

 

                                                                  

Gt
                                                [4.21] 

 

The kinematic turbulent viscosity will therefore be calculated from: 

  

                                                         
L

upwards

t
Zr

m








02

                                          [4.22] 

 



Chapter 4                                                                                              Results and discussion 

64 
 

where upwardsm  is the liquid mass flowrate in the upward direction in the circulation cell, 
0r  is 

the radius of the column in which the liquid velocity is zero and Z  is the height of the 

circulation cell. The curved surface at 0r  is used to calculate G  since the liquid flowing 

upwards with the flowrate upwardsm  has to cross this curved surface area before flowing 

down. Joshi & Sharma (1979) used an energy balance technique to show that the energy of 

a recirculation cell is at a minimum when the height of the cell is equal to the diameter of the 

column. However in this work, after comparing the model to data published in the literature 

when assuming that the exponential factor � equals 2, the height of the circulation cells was 

found to be approximately equal to 1.4 times the column diameter. The penetration depth is 

expected to be dependent on the column radius because the column wall confines the 

movement of the liquid and, therefore, the liquid is forced to change its momentum. The 

circulation cells are often symmetrical about the column centre; therefore, it was assumed 

that the penetration depth is approximately equal to half of the column radius.  

 

The upwards mass flowrate is calculated from: 
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Substituting 
00 Rr   yields:  
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Substituting Equation 4.11 into Equation 4.24 and integrating gives: 
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Simplifying Equation 4.25 yields: 
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upwardsm  is dependent on 
tv  and therefore 

tv  is firstly guessed in Equation 4.26 and then 

recalculated using Equation 4.22 until both the guessed value and the calculated value are 

the same. This was done using a Microsoft spreadsheet. 

 

To calculate the value of 
0 , Equation 4.11 becomes: 
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For 2n  as used by Ueyama & Miyauchi (1979), let B2

0  
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                                       02  WuNPPBNB                                  [4.29] 

 

B  can be calculated by solving the quadratic formula. 

                                                                                                      

The axial dispersion coefficient can be defined by Fick’s law of diffusion: 
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where 
BN  is the molar flow of substance B, 

ZE  is the axial dispersion coefficient and 
BC  is 

the concentration of substance B. The molar flux can also be obtained from a molar balance 

in the upwards direction: 
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In differential form, Equation 4.31 is equivalent to Equation 4.32:  
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As the height of a circulation cell is equal 1.4 times the column diameter, Equation 4.32 is 

simplified to:   
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Comparing Equation 4.30 with Equation 4.33, the axial dispersion coefficient is given by: 
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Similarly, the radial dispersion coefficient can be estimated from Equation 4.35:  
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4.3.3 Model verification 

Figure 4.12 shows a comparison between the estimated kinematic turbulent viscosity and 

the experimental kinematic turbulent viscosity from the literature. The experimental kinematic 

viscosities were measured at different column diameters from 10 to 25 cm. The predicted 

kinematic turbulent viscosity is comparable to the experimental values from the literature. 

The percentage error when comparing the estimated kinematic turbulent viscosity with the 

literature values is as follows: the error was in the range of 35.4–52.6% when comparing the 

estimated values with those of Miyauchi & Shyu (1970); 0.9–29% for those of Hills (1974); 

18.4% for those of Yashitome (1967); 2.2–33% for those of Pavlov (1965) and 35.2% for 

those of Yamagoshi (1969).   
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Figure 4.12: Comparison of predicted and experimental kinematic turbulent viscosity 

 

Figure 4.13 shows the axial dispersion values estimated by the model. It was found that at a 

fixed average gas holdup, the axial dispersion coefficient is directly proportional to a column 

diameter to the power 1.5.  
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Figure 4.13: Variation of axial dispersion coefficient with the column diameter 

 

Figure 4.14 shows the calculated axial dispersion coefficients as function of the specific 

energy dissipation rate and column diameter using the same form of correlation as Baird & 

Rice (1975). The model fits the experimental data reasonably when the height of the 

circulation cell is slightly greater than the column diameter. The estimated results are 

correlated with the dash line correlation. The height of the circulation cell was assumed to be 

1.4 times the column diameter. The axial dispersion coefficient was modelled for column 

diameters from 10 to 60 cm and superficial gas velocities of 3 to 12 cm/s (detailed 

information on the data used for the model can be found in Appendix 3). It was found that 

the axial dispersion coefficients are within the range of those reported in the literature as 

given by Baird & Rice (1975) which shows data up to 3500 cm2/s. 
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Figure 4.14: Predicted axial dispersion coefficient 
 

Figure 4.15 shows the linearized correlation for the axial dispersion coefficient with 

experimental data as reported by Baird & Rice (1975). The linearized correlation is similar to 

the correlation of Baird & Rice (the solid line) but has a slightly higher slope. This figure was 

prepared in order to compare the estimated axial dispersion coefficients derived from Figure 

4.14 (the dashed lined) with the reported experimental data which unfortunately did not 

include any information on gas holdup. It can be seen that the estimated results fit the 

experimental data reasonably well compare to the solid line correlation which slightly under 

predict the experimental data. The axial dispersion coefficient was measured for column 

diameters of 10 to 107 cm and superficial gas velocities in the range of 2.3 to 45 cm/s. The 

correlated axial dispersion coefficient ranges from 40 to 3500 cm2/s. Baird & Rice (1975) 

reported up to higher values because of higher superficial gas velocities and column 

diameters. 
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Figure 4.15: Experimental axial dispersion coefficients from the literature (Baird & Rice, 
1975) 

 

Table 4.3 compares the ratios of the axial to radial dispersion coefficient obtained from the 

model with those reported in the literature. The ratios obtained are in the range of 23.6 to 

24.7 and are of the same order of magnitude than the values reported in the literature. 
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Table 4.3: Ratios of axial to radial dispersion coefficient 

Model 

muG 12.003.0   

Deckwer 

(1992) 

Abdulrazzaq 

(2010) 

Camacho Rubio et al 

(2004) 

23.6–24.7 10 50–100 100 
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CHAPTER 5:  CONCLUSIONS AND RECOMENDATIONS 

An experimental method and setup for measuring the heat transfer coefficient for a molten 

salt bubble column were developed and tested. The system worked with water and heat 

transfer oil, and the results obtained are comparable with those in the literature. The system 

was also tested with molten salt but failed at the welds, resulting in severe corrosion. It is 

believed that the setup can work for molten salts, provided that the problems of mechanical 

failure are solved. 

 

The heat transfer coefficient increases with superficial gas velocity as a result of an increase 

in the number of bubbles and lowering of the surface film thickness by turbulence. The heat 

transfer coefficients for the argon–heat transfer oil system are lower than those obtained for 

the argon–water system due to heat transfer oil having a higher viscosity and higher thermal 

conductivity than those of water. The heat transfer coefficient increases with an increase in 

temperature due to a decrease in the liquid viscosity.  

 

Gas holdup increased with superficial gas velocity. The experimental gas holdup values 

were in good agreement with the literature. The gas holdup for heat transfer oil was higher 

than that for the argon–water system.  

 

Mechanistic models were developed for estimating kinematic turbulent viscosity and 

dispersion coefficients. The predicted kinematic turbulent viscosities agreed with the 

experimental values in most of the literature. It was found that the estimated axial dispersion 

coefficients are within the range of those reported in the literature. The model estimated the 

ratios of axial to radial dispersion coefficients within the values reported in the literature 

 

The following recommendations should be taken into consideration when measuring the wall 

heat transfer coefficient in bubble columns. 

 The temperature difference should be high enough for it to be measured accurately. 

 Column wall temperatures can be measured accurately by soldering the 

thermocouples to the column wall. Any air gap between a thermocouple and the 

column wall should be avoided.   

 Liquid temperature can be measured accurately by inserting thermocouples from the 

lid of the column since when using a thermowell installed through the column wall, it 

could be difficult to measure the liquid temperature closer to the inner wall 

temperature. 
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 The radial positioning of the thermocouple used to measure the liquid temperature 

can affect the determination of the heat transfer coefficient by about 20%. 

 A material with a high thermal conductivity must be used for the construction of a 

bubble column when the column is used to measure wall heat transfer coefficients in 

order to measure the inner wall temperature accurately. 

 When working with molten salt, the welding on a pipe should be minimised as much 

as possible due to the fact that molten salt is very aggressive to the welding on a 

metal such as copper. 
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APPENDICES 

Appendix 1: Experimental data for heat transfer coefficient measurements 

 

Tables A1.1 to A1.14 show the experimental data for the heat transfer measurements. 

 

Table A1.1: Data for the column operated with water at 40 oC and Gu 0.006 m/s 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  

averageT   

(oC) 

lossT
(oC)  

lossQ

(W)  eP  (W)  inputQ  (W)  
h   

(W.m-2.K-1)  
Experimental 

error 

1 1.88 2.46 1.76 1.71 1.73 1.77 74.73 18.95 517.52 498.57 2 119.58 
4.0 
  
  
  

2 1.93 2.63 1.98 1.93 2.08 1.98 76.63 19.43 554.42 534.99 2 020.23 

3 1.93 2.46 1.63 1.58 1.73 1.72 75.59 19.17 543.00 523.83 2 267.99 

4 2.08 2.66 1.93 1.73 1.68 1.86 84.53 21.44 551.12 529.69 2 130.96 

 

Table A1.2: Data for the column operated with water at 40 oC and Gu 0.016 m/s 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  

averageT   

(oC) 

lossT
(oC)  

lossQ

(W)  eP  (W)  inputQ  (W)  
h   

(W.m-2.K-1)  
Experimental 

error 

1 1.91 2.76 1.78 1.71 1.88 1.82 91.71 23.26 681.76 658.50 2 734.17 
1.8 
  
  
  

2 2.03 1.91 1.91 1.93 2.18 2.01 94.53 23.97 744.60 720.63 2 693.62 

3 1.91 2.66 1.66 1.68 1.83 1.77 86.94 22.05 684.18 662.13 2 796.84 

4 2.08 2.89 1.86 1.93 2.03 1.98 93.61 23.74 726.19 702.45 2 664.92 
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Table A1.3: Data for the column operated with water at 40 oC and Gu 0.024 m/s 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  

averageT   

(oC) 

lossT
(oC)  

lossQ

(W)  eP  (W)  inputQ  (W)  
h   

(W.m-2.K-1)  
Experimental 

error 

1 1.98 3.04 1.83 1.91 2.28 2.00 104.47 26.49 800.90 774.41 2 898.91 
0.5 
  
  
  

2 2.08 3.06 1.93 2.11 2.43 2.14 111.34 28.24 843.51 815.27 2 879.54 

3 2.08 3.09 1.98 1.98 2.18 2.06 100.64 25.52 826.16 800.64 2 924.89 

4 2.08 2.99 1.93 1.93 2.13 2.02 107.43 27.24 803.17 775.92 2 904.70 

 

Table A1.4: Data for the column operated with water at 40 oC and Gu 0.033 m/s 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  

averageT   

(oC) 

lossT
(oC)  

lossQ

(W)  eP  (W)  inputQ  (W)  
h   

(W.m-2.K-1)  
Experimental 

error 

1 2.13 3.34 2.01 2.13 2.53 2.20 120.63 30.59 937.86 907.27 3 093.19 
1.7 
  
  
  

2 2.21 3.36 2.08 2.23 2.61 2.28 129.14 32.75 947.10 914.35 3 020.05 

3 1.98 3.01 1.88 2.03 2.23 2.03 112.77 28.60 829.34 800.74 2 969.44 

4 2.11 3.26 2.06 2.11 2.51 2.20 118.99 30.18 895.73 865.55 2 961.60 

 

Table A1.5: Data for the column operated with water at 40 oC and Gu 0.040 m/s 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  

averageT   

(oC) 

lossT
(oC)  

lossQ

(W)  eP  (W)  inputQ  (W)  
h   

(W.m-2.K-1)  
Experimental 

error 

1 2.36 3.84 2.33 2.48 3.04 2.55 134.65 34.15 1 084.16 1 050.01 3 090.34 
2.1 
  
  
  

2 2.28 3.61 2.28 2.41 2.86 2.46 138.45 35.11 1 047.44 1 012.33 3 100.80 

3 2.06 3.21 2.03 2.16 2.51 2.19 120.75 30.62 884.06 853.43 2 946.60 

4 2.06 3.11 2.03 2.11 2.43 2.16 125.70 31.88 891.47 859.59 2 996.41 
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Table A1.6: Data for the column operated with water at 40 oC and Gu 0.047 m/s 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  

averageT   

(oC) 

lossT
(oC)  

lossQ

(W)  eP  (W)  inputQ  (W)  
h   

(W.m-2.K-1)  
Experimental 

error 

1 2.56 4.29 2.63 2.71 3.54 2.86 155.69 39.48 1 232.04 1 192.55 3 109.52 
1.5 
  
  
  

2 2.26 3.59 2.28 2.33 2.86 2.43 145.36 36.86 1 017.06 980.20 3 038.08 

3 2.03 3.16 2.06 2.13 2.48 2.18 126.95 32.19 899.56 867.37 2 995.76 

4                

 

Table A1.7: Data for the column operated with water at 40 oC and Gu 0.051 m/s 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  

averageT   

(oC) 

lossT
(oC)  

lossQ

(W)  eP  (W)  inputQ  (W)  
h   

(W.m-2.K-1)  
Experimental 

error 

1                       

4.0  
  
  

2 2.18 3.51 2.26 2.38 2.78 2.40 148.75 37.72 1 045.42 1 007.69 3 272.58 

3 1.96 3.09 1.98 2.08 2.43 2.11 130.10 32.99 897.60 864.61 3 087.31 

4                       
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Table A1.8: Data for the column operated with heat transfer oil at T 75 oC ( Gu 0.007 m/s) and 103 oC ( Gu 0.009 m/s) 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  averageT  (oC) 

lossT
(oC)  lossQ (W)  eP  (W)  inputQ  (W)  

h   
(W.m-2.K-1)  

T 75 oC 

1 7.4 7.4 7.4 7.4 7.4 7.4 83.4 21.16 493.73 472.57 440.77 

2 7.5 6.8 8.9 7.4 8.9 7.9 90.4 22.93 472.15 449.22 438.41 

T 103 oC 

1 9.3 9.1 12.0 10.2 12.0 10.5 136.0 34.48 817.21 782.73 547.71 

2 9.9 9.2 11.8 9.9 11.6 10.5 130.3 33.05 814.95 781.90 549.74 

 

Table A1.9: Data for the column operated with heat transfer oil at T 75 oC ( Gu 0.017 m/s) and 103 oC ( Gu 0.019 m/s) 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  averageT  (oC) 

lossT
(oC)  lossQ (W)  eP  (W)  inputQ  (W)  

h   
(W.m-2.K-1)  

T 75 oC 

1 6.9 6.9 6.9 6.9 6.9 6.9 98.5 24.98 553.10 528.11 525.85 

2 8.0 7.2 9.3 7.8 9.7 8.4 94.1 23.87 552.31 528.44 522.64 

T 103 oC 

1 10.4 8.7 11.4 9.0 10.9 10.1 145.6 36.92 933.58 896.65 653.49 

2 9.8 8.4 11.4 9.1 10.4 9.8 144.4 36.62 918.23 881.61 662.17 
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Table A1.10: Data for the column operated with heat transfer oil at T 75 oC ( Gu 0.027 m/s) and 103 oC ( Gu 0.029 m/s) 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  averageT  (oC) 

lossT
(oC)  lossQ (W)  eP  (W)  inputQ  (W)  

h   
(W.m-2.K-1)  

T 75 oC  

1 7.5 6.8 8.9 7.4 8.9 7.9 102.4 25.98 649.54 623.56 583.07 

2 8.7 7.9 10.3 8.5 10.3 9.1 101.6 25.77 630.74 604.97 575.17 

T 103 oC  

1 11.1 9.1 12.0 9.6 11.5 10.7 159.9 40.54 1 056.72 1 016.18 701.08 

2 10.8 9.1 12.0 9.7 11.7 10.7 155.6 39.46 1 067.53 1 028.07 710.61 

 

Table A1.11: Data for the column operated with heat transfer oil at T 75 oC ( Gu 0.0035 m/s) and 103 oC ( Gu 0.038 m/s) 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  averageT  (oC) 

lossT
(oC)  lossQ (W)  eP  (W)  inputQ  (W)  

h   
(W.m-2.K-1)  

 T 75 oC 

1 8.0 7.2 9.3 7.8 9.7 8.4 108.8 27.59 689.67 662.08 580.76 

2 9.3 8.8 11.2 9.4 11.0 9.9 109.6 27.80 695.10 667.30 603.30 

T 103 oC  

1 12.0 10.2 13.4 11.2 14.0 12.2 175.31 44.5 1 209.45 1 164.99 705.92 

2 11.8 10.2 13.5 11.0 13.7 12.0 174.88 44.3 1 224.87 1 180.52 719.47 
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Table A1.12: Data for the column operated with heat transfer oil at T 75 oC ( Gu 0.041 m/s) and 103 oC ( Gu 0.045 m/s) 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  averageT  (oC) 

lossT
(oC)  lossQ (W)  eP  (W)  inputQ  (W)  

h   
(W.m-2.K-1)  

T 75 oC  

1 8.7 7.9 10.3 8.5 10.3 9.1 119.1 30.21 762.05 731.84 591.92 

2 10.0 9.7 12.2 10.0 11.8 10.7 125.7 31.87 758.56 726.69 599.60 

T 103 oC  

1 12.3 10.7 13.9 11.8 14.1 12.6 182.2 46.22 1 243.74 1 197.52 702.52 

2 12.4 10.7 13.7 11.5 14.0 12.5 178.9 45.38 1 262.80 1 217.42 719.93 

 

Table A1.13: Data for the column operated with heat transfer oil at T 75 oC ( Gu 0.046 m/s) and 98 oC ( Gu 0.05 m/s) 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  averageT  (oC) 

lossT
(oC)  lossQ (W)  eP  (W)  inputQ  (W)  

h   
(W.m-2.K-1)  

T 75 oC  

1 9.3 8.8 11.2 9.4 11.0 9.9 129.6 32.86 832.99 800.12 593.71 

2 10.0 9.7 12.2 10.0 11.8 10.7 130.9 33.20 826.20 793.00 594.41 

 T 98 oC 

1 13.7 12.0 14.9 12.5 14.9 13.6 181.9 46.13 1 309.82 1 263.69 685.15 

2 13.5 11.5 14.5 12.3 15.0 13.3 185.0 46.93 1 298.44 1 251.51 691.27 
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Table A1.14: Data for the column operated with heat transfer oil at Gu 0.049 m/s 

Run 1T  (oC) 
2T  (oC) 3T  (oC) 

4T
(oC)  

5T
(oC)  averageT  (oC) 

lossT
(oC)  lossQ (W)  eP  (W)  inputQ  (W)  

h   
(W.m-2.K-1)  

T 75 oC  

1 10.0 9.7 12.2 10.0 11.8 10.7 134.7 34.16 888.25 854.09 586.50 

2 10.0 9.7 12.2 10.0 11.8 10.7 135.4 34.34 884.93 850.58 598.03 

  

1                       

2                       
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Appendix 2: Experimental data for gas holdup measurements 

 

Tables A2.1 to A2.4 show the experimental data for the gas holdup measurements. 

 

Table A2.1: First run for the column operated with water at 40 oC 

 
Small bubbler Large bubbler  

Gu (m) manoH (mm) H (m) G (–) manoH (mm) H (m) G (–) 
average

G (–) 

0.000 136.10 0.136 0.000 287.14 0.287 0.000 0.000 

0.006 178.30 0.184 0.032 322.83 0.333 0.032 0.032 

0.012 217.20 0.232 0.062 355.62 0.379 0.061 0.062 

0.017 243.58 0.265 0.082 379.42 0.414 0.083 0.082 

0.023 267.60 0.298 0.101 403.33 0.450 0.104 0.102 

0.028 285.73 0.323 0.115 419.79 0.476 0.119 0.117 

0.033 308.41 0.355 0.132 435.85 0.503 0.133 0.132 

0.037 307.83 0.354 0.131 439.61 0.509 0.136 0.134 

0.040 322.32 0.376 0.143 452.58 0.531 0.148 0.145 

0.044 339.26 0.402 0.156 457.79 0.540 0.153 0.154 

0.046 348.42 0.416 0.163 479.78 0.580 0.172 0.167 
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Table A2.2: Second run for the column operated with water at 40 oC 

 
Small bubbler Large bubbler  

Gu (m) manoH (mm) H (m) G (–) manoH (mm) H (m) G (–) 
average

G (–) 

0.000 145.08 0.145 0.000 312.43 0.312 0.000 0.000 

0.006 185.34 0.191 0.031 347.44 0.359 0.031 0.031 

0.012 229.75 0.246 0.065 382.50 0.408 0.063 0.064 

0.017 262.45 0.288 0.090 412.56 0.453 0.090 0.090 

0.023 290.50 0.327 0.111 433.81 0.487 0.109 0.110 

0.028 309.31 0.354 0.126 447.93 0.510 0.121 0.123 

0.033 321.00 0.371 0.135 453.97 0.520 0.127 0.131 

0.037 331.86 0.387 0.143 459.57 0.529 0.132 0.137 

0.041 340.13 0.400 0.149 473.81 0.554 0.144 0.147 

0.044 363.32 0.436 0.167 485.64 0.575 0.155 0.161 

0.047 367.33 0.443 0.170 493.88 0.590 0.162 0.166 
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Table A2.3: Third run for the column operated with water at 40 oC 

 
Small bubbler Large bubbler  

Gu (m) manoH (mm) H (m) G (–) manoH (mm) H (m) G (–) 
average

G (–) 

0.000 149.78 0.150 0.000 302.50 0.303 0.000 0.000 

0.006 190.62 0.197 0.031 337.50 0.348 0.031 0.031 

0.012 227.70 0.242 0.060 370.73 0.395 0.061 0.060 

0.017 260.84 0.285 0.085 398.82 0.436 0.086 0.086 

0.023 283.21 0.315 0.102 420.54 0.470 0.106 0.104 

0.028 306.62 0.348 0.120 440.17 0.502 0.123 0.122 

0.033 318.07 0.365 0.129 453.64 0.525 0.135 0.132 

0.037 324.11 0.374 0.133 455.14 0.527 0.137 0.135 

0.041 344.71 0.405 0.149 462.30 0.539 0.143 0.146 

0.044 357.58 0.425 0.159 482.38 0.575 0.161 0.160 

0.047 362.44 0.433 0.163 488.79 0.587 0.167 0.165 
 

Table A2.4: Data for the column operated with heat transfer oil at 170 oC 

 
First run Second run Third run 

Gu (m) manoH (mm) H (m) G (–) manoH (mm) H (m) G (–) manoH (mm) H (m) G (–) 

0 173.59 0.233 0.039 111.71 0.148 0.025 102.91 0.136 0.023 

0.008 289.20 0.440 0.153 161.27 0.225 0.074 156.02 0.218 0.075 

0.019 369.71 0.621 0.232 246.38 0.377 0.158 239.08 0.366 0.157 

0.029 409.78 0.726 0.272 295.39 0.480 0.206 278.33 0.447 0.196 

0.038 458.67 0.870 0.320 341.83 0.590 0.252 330.15 0.566 0.247 

0.046    384.39 0.702 0.294 392.00 0.731 0.308 
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Appendix 3: Data for mathematical modelling of dispersion coefficients 

 

Tables A3.1 to A3.5 show the data used to model turbulent viscosities. The values of CD , n  and G  were obtained from the relevant literature 

that was compared with the model. 

   

Table A3.1: Comparison of the estimated turbulent viscosity and that reported by Yamagoshi (1969)  

CD

(m) 

g

(m/s2) n  
L

(kg/m3) G (–) 

guessed

t
(m2/s) 

Wu

(m/s) 

W
(N/m) 

or  

(m) o (–) 
upwardsm

(kg/s)  (m) 
Z

(m) 

el

t

mod
(cm2/s) 

literature

t  

(cm2/s) 
% 

Error 

0.25 9.8 1.6 1000 0.15 0.002849 0.317 -0.744 0.080 0.638 7.99 0.0625 0.35 28.49 44.00 35.2 

 

Table A3.2: Comparison of the estimated turbulent viscosity and that reported by Pavlov (1965)  

CD

(m) 

g

(m/s2) n  
L

(kg/m3) G (–) 

guessed

t
(m2/s) 

Wu

(m/s) 

W
(N/m) 

or  

(m) o (–) 
upwardsm

(kg/s) 


(m) 
Z

(m) 

el

t

mod
(cm2/s) 

literature

t  

(cm2/s) 
% 

Error 

0.172 9.8 2 1000 0.12 0.001280 0.256 -0.486 0.057 0.664 2.57 0.043 0.241 12.80 19.11 33.0 

0.172 9.8 2 1000 0.18 0.001585 0.297 -0.654 0.058 0.674 3.23 0.043 0.241 15.85 16.55 4.2 

0.172 9.8 2 1000 0.23 0.001818 0.317 -0.745 0.059 0.683 3.76 0.043 0.241 18.18 17.78 2.2 

0.172 9.8 2 1000 0.28 0.002047 0.326 -0.785 0.060 0.693 4.29 0.043 0.241 20.47 19.81 3.3 

0.172 9.8 2 1000 0.38 0.002547 0.308 -0.702 0.062 0.720 5.55 0.043 0.241 25.47 23.71 7.4 

0.172 9.8 2 1000 0.43 0.002847 0.281 -0.584 0.063 0.737 6.35 0.043 0.241 28.47 22.07 29.0 
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Table A3.3: Comparison of the estimated turbulent viscosity and that reported by Yoshitome (1967)  

CD

(m) 

g

(m/s2) n  
L

(kg/m3) 

G
(–) 

guessed

t
(m2/s) 

Wu

(m/s) 
W

(N/m) 
or  

(m) o (–) 
upwardsm

(kg/s)  (m) 
Z

(m) 

el

t

mod
(cm2/s) 

literature

t  

(cm2/s) 
% 

Error 

0.15 9.8 2 1000 0.16 0.001212 0.267 -0.527 0.050 0.670 2.14 0.0375 0.21 12.12 14.86 18.4 

 

Table A3.4: Comparison of the estimated turbulent viscosity and that reported by Hills (1974)  

CD

(m) 

g

(m/s2) n  
L

(kg/m3) G (–) 

guessed

t
(m2/s) 

Wu

(m/s) 

W
(N/m) 

or  

(m) o (–) 
upwardsm

(kg/s)  (m) 
Z

(m) 

el

t

mod
(cm2/s) 

literature

t  

(cm2/s) 
% 

Error 

0.138 9.8 1.8 1000 0.06 0.000675 0.168 -0.208 0.044 0.642 1.05 0.0345 0.193 6.75 9.50 29.0 

0.138 9.8 1.3 1000 0.11 0.001089 0.201 -0.300 0.041 0.597 1.58 0.0345 0.193 10.89 10.37 5.1 

0.138 9.8 1.8 1000 0.14 0.001054 0.238 -0.419 0.045 0.653 1.67 0.0345 0.193 10.54 10.44 0.9 

0.138 9.8 1.8 1000 0.17 0.001173 0.254 -0.476 0.045 0.658 1.88 0.0345 0.193 11.73 10.75 9.2 

0.138 9.8 1.8 1000 0.2 0.001288 0.265 -0.519 0.046 0.663 2.08 0.0345 0.193 12.88 14.64 12.0 

0.138 9.8 1.6 1000 0.23 0.001519 0.258 -0.493 0.045 0.652 2.40 0.0345 0.193 15.19   

 

 

Table A3.5: Comparison of the estimated turbulent viscosity and that reported by Miyauchi & Shyu (1970)  

CD

(m) 

g

(m/s2) n  
L

(kg/m3) G (–) 

guessed

t
(m2/s) 

Wu

(m/s) 

W
(N/m) 

or  

(m) o (–) 
upwardsm

(kg/s)  (m) 
Z

(m) 

el

t

mod
(cm2/s) 

literature

t  

(cm2/s) 
% 

Error 

0.1 9.8 8 1000 0.12 0.000316 0.179 -0.238 0.037 0.730 0.41 0.025 0.14 3.16 5.50 42.5 

0.1 9.8 8 1000 0.15 0.000345 0.203 -0.306 0.037 0.733 0.45 0.025 0.14 3.45 5.60 38.4 

0.1 9.8 8 1000 0.21 0.000388 0.248 -0.454 0.037 0.738 0.50 0.025 0.14 3.88 6.00 35.4 

0.1 9.8 8 1000 0.26 0.000411 0.283 -0.593 0.037 0.743 0.54 0.025 0.14 4.11 7.00 41.2 

0.1 9.8 8 1000 0.29 0.000421 0.304 -0.684 0.037 0.746 0.55 0.025 0.14 4.21 8.10 48.0 

0.1 9.8 8 1000 0.31 0.000426 0.318 -0.748 0.037 0.749 0.56 0.025 0.14 4.26 7.50 43.2 

0.1 9.8 8 1000 0.34 0.000431 0.339 -0.850 0.038 0.752 0.57 0.025 0.14 4.31 9.10 52.6 
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Tables A3.6 to A3.11 show the data used to model dispersion coefficients. The value of n  = 2 was used, similar to the work of Ueyama & 

Miyauchi (1979) and low G  values were chosen. 

 

Table A3.6: Modelling of dispersion coefficients for CD  100 mm 

CD

(m) 

g

(m/s2) n  
L

(kg/m3) G (–) 

guessed

t
(m2/s) 

Wu

(m/s) 

W
(N/m) 

or  

(m) o (–) 
upwardsm

(kg/s)  (m) 
Z

(m) 

el

t

mod
(m2/s) 

ZE

(m2/s) 

)3/1()3/4(

mC PD

(m2/s) 
r

Z

E
E

(–) 

0.1 9.8 2 1000 0.05 0.00036 0.132 -0.129 0.033 0.655 0.420 0.025 0.14 0.00036 74.78 308.74 20.54 

0.1 9.8 2 1000 0.1 0.00052 0.181 -0.242 0.033 0.661 0.601 0.025 0.14 0.00052 107.20 388.99 20.74 

0.1 9.8 2 1000 0.15 0.00064 0.213 -0.336 0.033 0.669 0.750 0.025 0.14 0.00064 133.70 428.14 20.97 

0.1 9.8 2 1000 0.2 0.00085 0.246 -0.446 0.034 0.687 1.023 0.025 0.14 0.00085 182.29 490.10 21.54 

 

 

Table A3.7: Modelling of dispersion coefficients for CD  200 mm 

CD

(m) 

g

(m/s2) 

n
 

L
(kg/m3) G (–) 

guessed

t
(m2/s) 

Wu

(m/s) 

W
(N/m) 

or  

(m) o (–) 
upwardsm

(kg/s) 


(m) 
Z

(m) 

el

t

mod
(cm2/s) 

ZE

(m2/s) 

)3/1()3/4(

mC PD

(m2/s) 
r

Z

E
E

(–) 

0.2 9.8 2 1000 0.05 0.00103 0.187 -0.259 0.065 0.655 2.37 0.05 0.28 0.00103 211.52 777.98 20.54 

0.2 9.8 2 1000 0.1 0.00146 0.256 -0.485 0.066 0.661 3.40 0.05 0.28 0.00146 303.21 980.20 20.74 

0.2 9.8 2 1000 0.15 0.00180 0.301 -0.671 0.067 0.669 4.24 0.05 0.28 0.00180 378.15 1 078.85 20.98 

0.2 9.8 2 1000 0.2 0.00211 0.331 -0.810 0.068 0.677 5.02 0.05 0.28 0.00211 447.18 1 234.97 21.24 
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Table A3.8: Modelling of dispersion coefficients for CD  300 mm 

CD

(m) 

g

(m/s2) 

n
 

L
(kg/m3) 

G
(–) 

guessed

t
(m2/s) 

Wu

(m/s) 
W

(N/m) 
or  

(m) o (–) 
upwardsm

(kg/s)  (m) 
Z

(m) 

el

t

mod
(cm2/s) 

ZE

(m2/s) 

)3/1()3/4(

mC PD

(m2/s) 
r

Z

E
E

(–) 

0.3 9.8 2 1000 0.05 0.00189 0.229 -0.388 0.098 0.655 6.54 0.075 0.42 0.00189 388.59 1 335.85 20.54 

0.3 9.8 2 1000 0.1 0.00269 0.314 -0.727 0.099 0.661 9.37 0.075 0.42 0.00269 557.03 1 683.07 20.74 

0.3 9.8 2 1000 0.15 0.00331 0.369 -1.007 0.100 0.669 11.69 0.075 0.42 0.00331 694.71 1 852.46 20.98 

0.3 9.8 2 1000 0.2 0.00387 0.405 -1.214 0.102 0.677 13.83 0.075 0.42 0.00387 821.52 2 120.53 21.24 

 

 

Table A3.9: Modelling of dispersion coefficients for CD  400 mm 

CD

(m) 

g

(m/s2) 

n
 

L
(kg/m3) 

G
(–) 

guessed

t
(m2/s) 

Wu

(m/s) 

W
(N/m) 

or  

(m) o (–) 
upwardsm

(kg/s) 


(m) 
Z

(m) 

el

t

mod
(cm2/s) 

ZE

(m2/s) 

)3/1()3/4(

mC PD

(m2/s) 
r

Z

E
E

(–) 

0.4 9.8 2 1000 0.05 0.00291 0.265 -0.517 0.131 0.655 13.43 0.1 0.56 0.00291 598.27 1 960.39 20.54 

0.4 9.8 2 1000 0.1 0.00413 0.362 -0.970 0.132 0.661 19.24 0.1 0.56 0.00413 857.60 2 469.94 20.74 

0.4 9.8 2 1000 0.15 0.00510 0.426 -1.342 0.134 0.669 24.00 0.1 0.56 0.00510 1 069.57 2 718.52 20.98 

0.4 9.8 2 1000 0.2 0.00596 0.468 -1.619 0.135 0.677 28.38 0.1 0.56 0.00596 1 264.81 3 111.93 21.24 
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Table A3.10: Modelling of dispersion coefficients for CD  500 mm 

CD

(m) 

g

(m/s2) 

n
 

L
(kg/m3) 

G
(–) 

guessed

t
(m2/s) 

Wu

(m/s) 
W

(N/m) 
or  

(m) o (–) 
upwardsm

(kg/s)  (m) 
Z

(m) 

el

t

mod
(cm2/s) 

ZE

(m2/s) 

)3/1()3/4(

mC PD

(m2/s) 
r

Z

E
E

(–) 

0.5 9.8 2 1000 0.05 0.00407 0.296 -0.647 0.164 0.655 23.45 0.125 0.7 0.00407 836.11 2 639.71 20.54 

0.5 9.8 2 1000 0.1 0.00578 0.405 -1.212 0.165 0.661 33.62 0.125 0.7 0.00578 1 198.53 3 325.83 20.74 

0.5 9.8 2 1000 0.15 0.00713 0.476 -1.678 0.167 0.669 41.93 0.125 0.7 0.00713 1 494.77 3 660.55 20.98 

0.5 9.8 2 1000 0.2 0.00832 0.523 -2.024 0.169 0.677 49.58 0.125 0.7 0.00832 1 767.62 4 190.28 21.24 

 

 

Table A3.11: Modelling of dispersion coefficients for CD  600 mm 

CD

(m) 

g

(m/s2) 

n
 

L
(kg/m3) 

G
(–) 

guessed

t
(m2/s) 

Wu

(m/s) 

W
(N/m) 

or  

(m) o (–) 
upwardsm

(kg/s) 


(m) 
Z

(m) 

el

t

mod
(cm2/s) 

ZE

(m2/s) 

)3/1()3/4(

mC PD

(m2/s) 
r

Z

E
E

(–) 

0.6 9.8 2 1000 0.05 0.00535 0.324 -0.776 0.196 0.655 37.00 0.15 0.84 0.00535 1 099.10 3 366.14 20.54 

0.6 9.8 2 1000 0.1 0.00760 0.444 -1.455 0.198 0.661 53.03 0.15 0.84 0.00760 1 575.51 4 241.07 20.74 

0.6 9.8 2 1000 0.15 0.00937 0.522 -2.014 0.201 0.669 66.14 0.15 0.84 0.00937 1 964.93 4 667.90 20.98 

0.6 9.8 2 1000 0.2 0.01094 0.573 -2.429 0.203 0.677 78.21 0.15 0.84 0.01094 2 323.60 5 343.41 21.24 
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Appendix 4: Calculation of experimental and percentage error 

 

The experimental error was calculated as follows: 

 

Calculate the mean, x  for the data as given by: 

 

 



N

i

ix
N

x
1

1
                                                                     [A4.1] 

  

where N  is the number of data points and ix  is the individual data point. 

 

Calculate the standard deviation of the data as follows: 

 

 

 

N

xx

s

N

i

i



 1

2

                                                                  [A4.2] 

 

Calculate the standard error (SE) of the mean of the data as given by: 

 

 
N

s
SE                                                                              [A4.3] 

 

Calculate the critical value, z , for a 95% confidence level as given by: 

 

     
 

s

Nx
z


                                                                       [A4.4] 

 

where   is the mean value for the continuous variable x . 
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Calculate the confidence interval with the form: 

 

   Confidence interval (CI) =  zSEx                                         [A4.5] 

 

Calculate the experimental error from the following equation: 

 

 alExperiment  error 100



x

zSE
                                              [A4.6] 

 

The percentage error was calculated from Equation A4.7 below: 

 

                    100



valueModel

valueLiteraturevalueModel
errorPercent                           [A4.7] 
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Appendix 5: Temperature difference between the column centre 

and the liquid–film interface  

 

The following mathematical modelling was done to estimate the radial temperature profile 

inside the bubble column. Assuming that the axial and radial thermal dispersion coefficients 

in a bubble column are constants, the steady-state temperature profile in a bubble column 

can be described by the following partial differential equation: 

 

               0
1

2

,

2

,

2

,

2


dZ

Td

E

E

dr

dT

rdr

Td rz

r

Zrzrz
                       [A5.1] 

 

Multiplying Equation A5.1 by r yields: 

 

                          0
2

,

2

,

2

,

2


dZ

Td

E

rE

dr

dT

dr

Td
r

rz

r

Zrzrz
                [A5.2] 

 

If the axial temperature profile is constant in the radial direction, the term 
2

,

2

dZ

Td rz
 is constant 

in the radial direction. Let K
dZ

Td rz 
2

,

2

, where K  is a constant. Equation A5.2 therefore 

becomes:  

 

0
,

2

,

2

 K
E

rE

dr

dT

dr

Td
r

r

Zrzrz
                                          [A5.3] 

 

Equation A5.3 can be written as: 

 

0
2

, 







K

E

rE

dr

dT
r

dr

d

r

Zrz
                                            [A5.4] 

 

Integrating Equation A5.4 gives: 

 

Kdr
E

rE

dr

dT
rd

r

Zrz  







2

,
                                         [A5.5] 
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1

2
,

2
C

r
K

E

E

dr

dT
r

r

Zrz                                            [A5.6] 

 
In the centre of the column, the radial gradient of the temperature profile must be zero or 

else the temperature at the centre of the column will increase. Therefore, at 0r , 0
, 

dr

dT rz
 

and by substituting the above boundary condition into Equation A5.6, 01 C . Thus 

Equation A5.6 becomes: 

 

2

2
, r

K
E

E

dr

dT
r

r

Zrz 
                                           [A5.7] 

 

If heat is supplied uniformly along the height of the column through the column wall, it is the 

same for all axial positions along the heated section. Therefore at Rr  , F
dZ

dT rz ,
 and 

applying this boundary condition to Equation A5.7 gives: 

 

Z

r

RE

FE
K

2
                                                 [A5.8] 

 

Substituting Equation A5.8 into Equation A5.7 gives: 

 

2,
r

R

F

dr

dT
r

rz                                               [A5.9]    

 

Integrating Equation A5.9 gives: 

rdr
R

F
dT rz  ,                                         [A5.10] 

 

2

2

,
2

C
r

R

F
T rz                                        [A5.11] 

 

2C  is a constant in the radial direction but it not constant in an axial direction. Therefore at 

0r , 0,, zrz TT   and applying this boundary condition to Equation A5.11 one obtain 
2C  = 

0,zT . 
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Therefore Equation A5.11 becomes: 

 

0,

2

,
2

zrz T
r

R

F
T                                        [A5.12] 

Integrating K
dZ

Td rz 
2

,

2

 and substituting Equation 5.8 gives:                                       

 







KdZ

dZ

dT
d

rz ,
                                  [A5.13] 

  

3

, 2
C

RE

ZFE

dZ

dT

Z

rrz                                  [A5.14] 

 

The boundary condition for perfect insulation of the bottom of the column is that at 0Z , 

0
, 

dZ

dT rz
. Applying this boundary condition to Equation A5.14 yields 03 C . Equation 

A5.14 therefore becomes: 

 

Z

rrz

RE

ZFE

dZ

dT 2,                                 [A5.15] 

 

Integrating Equation A5.15 gives 

 

  dZ
RE

ZFE
dT

Z

r

rz

2
,                         [A5.16] 

4

2

, C
RE

ZFE
T

Z

r

rz                           [A5.17] 

 

4C  is a constant in an axial direction but it not constant in a radial direction. Heat is supplied 

and removed from the column in such a way to ensure that the temperature in the centre at 

the bottom of the column is constant. Therefore; at 0Z  and 0r , 0,0, TT rz  . Applying 

this boundary condition to Equation A5.17 yields 
4C  = 0,0T . Equation A5.17 therefore 

becomes: 

0,0

2

0, T
RE

ZFE
T

Z

r

z                           [A5.18] 
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Substituting Equation A5.18 into Equation A5.12 yield 

 

0,0

22

,
2

T
RE

ZFEr

R

F
T

Z

r

rz              [A5.19] 

 

Checking the differential equation: 

  

From Equation A5.19, differentiating with respect to r
 
and Z , respectively gives: 

 

r
R

F

dr

dT rz ,
                                 [A5.20] 

 

R

F

dr

Td rz 
2

,

2

                                 [A5.21] 

 

Z
RE

FE

dZ

dT

Z

rrz 2,                               [A5.22] 

 

Z

rrz

RE

FE

dZ

Td 2
2

,

2

                            [A5.23] 

 

The differential equation in Equation 5.1 is checked by substituting Equations A5.20, A5.21, 

A5.22 and A5.23 into Equation A5.1: 

 

0
21

2

,

2

,

2

,

2








 


Z

r

r

Zrz

r

Zrzrz

RE

FE

E

E

R

F

R

F

dZ

Td

E

E

dr

dT

rdr

Td
       [A5.24] 

 

The conclusion from checking the differential equation is that the assumption made in 

Equation A5.3, that the term 
2

,

2

dZ

Td rz
 is constant in the radial direction, is correct. However, it 

is only correct for the chosen boundary conditions.  

The temperature difference between the centre of a column and liquid–film interface is 

calculated as follows: 

 

The temperature at the centre of the column is given by: 
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0,0

2

0, T
RE

ZFE
T

Z

r

z                                  [A5.25] 

 

Assuming that the film thickness at the wall is very small, therefore the temperature at the 

liquid–film interface is given by:  

 

0,0

2

,
2

T
RE

ZFEFR
T

Z

r

Rz                             [A5.26] 

 

The temperature difference is therefore given by: 

 

2
0,,

FR
TT zRz                                   [A5.27] 

 

At Rr  , the rate of heat transfer is given by: 

 

dZ

dT
ECRZQ

rz

rPLL

,

12                             [A5.28] 

 

where Q  is the rate of heat transfer to the column and 
1Z  is the length of the heating section 

of the bubble column. Therefore: 

 

rPLL ECRZ

Q
F

 12
                            [A5.29] 

 

Using the heat input from Table 4.1 for 
Gu = 0.031 m/s and estimating 

ZE from the 

correlation in Figures 4.15: 

 

3/13/4 )()(35.0 GCZ ugDE   

 3/13/4 )031.081.9()108.0(35.0 ZE  

  

smEZ /012.0 2    
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It mostly reported that the value of 
rE  is 1/100th of the value of 

rE  (Abdulrazzaq, 2010 and 

Camacho Rubio et al., 2004), therefore: 

 

smEr /012.001.0 2        

 

smEr /00012.0 2     

  

Substituting the value of 
rE  into Equation 5.29.  

                                                        

smCkgJmkgmm

W
F

o /00012.0..4180.100005.1054.02

2.2703
213 




 

 

1.15  mCF
o  

 

Substituting the value of F  into Equation 5.27. 

 

2

054.0.15 1

0,,

mmC
TT

o

zRz






 

CTT
o

zRz 4.00,,   

 

The temperature difference could be greater than this value if the assumption that the axial 

and radial dispersion coefficient is constant was not made. 
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Appendix 6: Derivation of gas holdup equation 

 

 
 

Figure A6.1: Column level before and after bubbling 
 

Gas holdup can be calculated from both the level expansion method. All the necessary 

equations were derived, as given below.  

 

The equations derived here are based on a single bubbler tube, as shown in Figure A6.1. 

Pressure at the tip of the bubbler tube is given by: 
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gHPP disptiptop                                                         [A6.1] 

 

where tipP  is the pressure at the tip of the bubbler, topP  is the pressure at the surface of the 

liquid, disp  is the density of the gas–liquid dispersion, H  is the depth of the dip tube in the 

gas–liquid dispersion. Also, as the pressure difference in the bubbler tube is the same as 

that of the manometer, Equation A6.1 is equivalent to: 

 

manowaterdisptiptop gHgHPP                                             [A6.2] 

 

where 
water

 
is the density of water in the manometer and 

manoH  is the head of the 

manometer. The density of the dispersion is given by: 

 

GGGLdisp   )1(                                             [A6.3] 

 

where 
L  is the density of the liquid in the bubble column and 

G  is the gas density. The 

gas density is very small compared with that of a liquid, and therefore Equation A6.3 can be 

reduced to: 

)1( GLdisp                                                      [A6.4] 

 

The average gas holdup is given by: 

 

Zh

ZHZH
G 




2

0 )()(
                                                  [A6.5] 

 

Simplifying Equation A6.5 yields: 

 

ZH

HH
G 


 0                                                          [A6.6] 
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where Z  is the distance from the tip of a dip tube to the bottom of the column. From 

Equation A6.2:  

 

disp

manowaterHH



                                                      [ A6.7]  

 

Substituting Equation A6.4 into Equation A6.7: 

 

)1( GL

manowaterHH





                                                  [A6.8] 

 

Gas holdup can be calculated by solving Equations A6.6 and A6.8 simultaneously, as shown 

below. 

 

Substituting Equation A6.6 into Equation A6.8 gives: 

 























ZH

HH

H
H

L

manowater

01


                                             [A6.9]   

 

)(

)(

0 ZH

ZHH
H

L

manowater








                                          [A6.10] 

 

manowaterLL

manowater

HZH

ZH
H







0

                                [A6.11] 

 

Gas holdup can be calculated from Equation A6.6 once the value of H  is known. 
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Appendix 7: Calibration 

 

A7.1 Temperature difference calibration 

The temperature difference from thermocouples connected in series was calibrated by 

inserting the thermocouples into a brass block, as shown in Figure A7.1.  

 

 
Figure A7.1: Brass block that ensures uniform temperature 

 

A standard thermocouple has a red wire and a yellow wire. To measure the temperature 

difference using two thermocouples, yellow wires were joined together and red wires were 

connected to the data logger. However, it does not matter which wire (red/yellow) is joined. If 

the thermocouples have been perfectly manufactured, they will read a zero temperature 

difference if inserted into water that is at uniform temperature. However, there will be some 

small error due to imperfection in their manufacturing. The calibration is therefore done in 

order to check for a few small errors in the measured temperature difference. 

 

The brass block was inserted into the water bath at different temperatures, as shown in 

Figure A7.2.  

Thermocouples 

Brass block 



Appendices 

111 
 

 

Figure A7.2: Water bath used for calibrating the thermocouples 

 

The water bath has water circulation to keep the temperature uniform. The millivolt reading 

from the thermocouples was recorded on the data logger. The results are given in 

Table A7.1. 

 

Table A7.1: Temperature difference for thermocouples inserted into water 

First run 

 T (oC) 1V (mV)    
2V (mV) 3V (mV) 

4V (mV) 5V (mV) 
6V (mV)   

   30 -0.00995 -0.00784 -0.00634 -0.01443 -0.0087 -0.01113 Average  

 

-0.25 -0.20 -0.16 -0.36 -0.22 -0.28 T (oC) 

       60 -0.00886 -0.00892 -0.00543 -0.01294 -0.01189 -0.01306 Average 

 

-0.22 -0.22 -0.13 -0.32 -0.29 -0.32 T  (oC) 

       90 -0.00751 -0.01127 -0.00686 -0.01428 -0.01196 -0.0168 Average 

 

-0.18 -0.28 -0.17 -0.35 -0.29 -0.41 T  (oC) 

Second run 

  T (oC) 1V (mV)    
2V (mV) 3V (mV) 

4V (mV) 5V (mV) 
6V (mV)   

   30 -0.01568 -0.01269 -0.00992 -0.01896 -0.0129 -0.01433 Average 

 

-0.39 -0.32 -0.25 -0.48 -0.32 -0.36 T  (oC) 

    60 -0.00907 -0.01072 -0.00559 -0.01277 -0.01152 -0.01246 Average 

 

-0.23 -0.27 -0.14 -0.32 -0.29 -0.31 T  (oC) 

   90 -0.00875 -0.01264 -0.00635 -0.01208 -0.01217 -0.0135 Average 

 

-0.22 -0.31 -0.16 -0.30 -0.30 -0.33 T  (oC) 

Third run 

Water bath 

Thermocouples 

Data logger 

Temperature meter 
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T (oC) 1V (mV)    
2V (mV) 3V (mV) 

4V (mV) 5V (mV) 
6V (mV)   

   30 -0.01187 -0.00977 -0.00662 -0.01438 -0.01386 -0.01076 Average 

 

-0.30 -0.25 -0.17 -0.36 -0.35 -0.27 T  (oC) 

   60 -0.01088 -0.01079 -0.006 -0.01393 -0.01272 -0.01279 Average 

 

-0.27 -0.27 -0.15 -0.35 -0.32 -0.32 T  (oC) 

   90 -0.00694 -0.01156 -0.0063 -0.01201 -0.01152 -0.01639 Average 

 

-0.17 -0.28 -0.16 -0.30 -0.28 -0.40 T  (oC) 
 

 

A7.2 Thermowell calibration 

The thermowells were calibrated using boiling water to check the temperature difference 

when the temperature is measured with the aid of a thermowell and when the thermocouple 

is inserted directly into water. One thermocouple was used for all the experiments. Data 

were collected for 60 seconds for each experiment, using the data logger. The results in 

Table A7.2 show that a thermocouple inserted to a thermowell will still give a close 

representation of the temperature to be measured. 

 

Table A7.2: Calibration of a thermowell 

 
Run 1 Run 2 Run 3 

 

welltV _  

(mV) 
waterV  

(mV) 

welltV _  

(mV) 
waterV  

(mV) 

welltV _  

(mV) 
waterV  

(mV) 
Average

V  2.988 2.990727 2.990 2.988 2.982 2.984 

V  (mV) 0.002785 -0.001464 0.002226 

T  (oC) 
 

0.08 0.03 0.05 
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Appendix 8: Gas distributor design 

 

The design of the perforated plate is carried out to ensure that the gas flows into all orifices. 

The calculations below are for the column operated with water. The design begins by 

calculating the critical weep velocity. The following equations can be used to calculate the 

critical weep velocity for small and large hole diameters respectively (Kulkarni, 2010). 

 

2
2




 ooG
o

Vd
We                                                         [A8.1] 

 

where 
oWe  is the Weber number at the critical weep point, G  is the gas density, od  is the 

hole diameter, oV  is the critical weep velocity and   is the surface tension. 

 

37.0

4/52

' 
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V
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


                                           [A8.2] 

 

where 
'

Fr  is the modified Froude number. 

 

The demarcation between small and large bubbles can be calculated by equating 

Equations A8.1 and A8.2, which yields the following equations for small and large holes 

respectively. 
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                                                 [A8.3] 
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                                                 [A8.4] 

 

The minimum superficial velocity to ensure no-weep conditions can be calculated by 

equating the gas flowrate in the column and the total gas flowrate through all the plate holes. 

 

o

o

mG

C V
D

Nu
D


44

22 
                                                 [A8.5] 
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where mGu  is the minimum superficial gas velocity for no weeping, CD  is the column 

diameter, oD  is the orifice diameter, N  is the number of holes and oV  is the critical weep 

velocity.   

 

Step I 

 

The density of water at 40 oC is: 

                                              
 
 

     2.992L  kg/m3 

 

The surface tension of water at 40 oC is:  

 

                                                 
21096.6   N/m 

 

Argon density can be calculated from the following equation. 

 

                   
RT

PMr
gas                                                               [A8.6] 

 

                                          
KmolJK

gmolPa
gas

15.313314.8

948.39102.1
11

15




 



  

 

                                                     3.1841gas  g/m3 

                                                     

                                                       84.1gas  kg/m3   

 

Step II 

 

The demarcation for small and large perforated plate hole diameters can be predicted as 

follows: 

 

                

8/5

33

3
2/1

23

2

/84.1/2.992

/84.1

/81.9/84.1

/1096.6
32.2 
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




















mkgmkg

mkg

smmkg

mN
do
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                                                       83.2od  mm 

 

The plate hole diameters are less than 2.83 mm and thus Equation A8.1 must be used to 

calculate the critical weep velocity. 

 

For a 0.5 mm hole gas distributor, the critical weep velocity is given by: 

                  

                                                    
oG

o
d

V






2
 

 

                                             
mmkg

mN
Vo 33

2

105.0/84.1

/1096.62







  

 

                                                         29.12oV  m/s 
  

 

Step III 

 

Lastly, the minimum superficial velocity for no-weep conditions is calculated for the given 

number of holes of 0.5 mm diameter in the gas distributor.
     

 

    
o
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C V
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22 
 

 

    
o

C

o

mG V
D

D
Nu 

2

2

 

 

    

sm
m

m
umG /29.12

108.0

105.0
17

2
3








 




 

 

  0045.0mGu  m/s 
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Appendix 9: Calculations of the mass of LiCl and KCl in the 

eutectic mixture  

 

The volume of salt to be melted is calculated as follows: 

 

108.0CD  m 

2.1L  m 

2

4

D
A    

2

4

)108.0( m
A    

310161.9 A  m2 

HAV   

mmV 2.110161.9 23    

01099.0V m3 

11V litres 

 

The density of salt eutectic at 450 oC was determined using the data from Janz (1988).  

 

TlLiCl

4

)( 102676.50286.2   in g/cm3

 for a KCl mole fraction of 41.2–58.8 % 

KlLiCl 15.723102676.50286.2 4

)(  
 

euctectic  = 1.648 g/cm3 

In  
3/ mkg , euctectic  = 1648 kg/m3 

 

Hence, the mass of salt eutectic is given by:
 

Vm euctecticeuctectic    
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33 0109.0/1648 mmkgmeuctectic   

euctecticm  = 17.96 kg
 

 

The mole fraction of LiCl at eutectic is 0.592: 

 

totalLiCl nn  592.0  

totalKCl nn  418.0  

394.42592.0  totalLiCl nm  

55.74592.0  totalKCl nm  

   55.74418.039.42592.0

96.17


totaln  

totaln  0.319 kmol 

LiClm  8.01 kg 

KClm  9.95 kg 
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Appendix 10: Photograph of the bubble column test rig 

  

Figure A10.1: Photograph of the bubble column test rig with thermal insulation  
 

Vacuum-

formed 

insulation 
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