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PREFACE 
 1. Introduction 


Multiphase reactors are being widely used in chemical, biochemical, 
petrochemical, and pharmaceutical industries. Most of the multiphase reactors of 
interest in industrial practice are packed-bed reactors, trickle bed reactors, 
mechanically agitated reactors, slurry bubble column reactors, fluidised bed reactors 
and loop reactors. Conversion of mineral ores to value added products by 
hydrometallurgical processing route is another area where multiphase reactors are 
extensively used but less understood. This is due to the complex multiphase reactions 
occurring between different phases in such reactors. NIIST (CSIR) has been involved 
in the development of a process for production of synthetic rutile from ilmenite by 
modifying the existing Becher’s process. The main processes involved in the modified 
Becher’s process are metallisation of ilmenite in a rotary kiln, in which the iron (II) 
and Iron (III) content of the ilmenite is reduced to metallic iron at about 1050–1100°C 
using Coal as both reductant and fuel. The second step is removal of metallic iron 
from reduced ilmenite by an accelerated corrosion reaction using aerated condition in 
a liquid contacting electrolyte, which is carried out in a mechanically agitated 
contactor and followed by liquid phase oxidation of Fe2+ along with hydrolysis and 
precipitation of Fe3+ ion as oxides. The disadvantages of using this type of 
mechanically agitated reactor are high energy consumption and breakage of particles 
due to non uniform energy dissipation. Hence investigations have been directed 
towards development of an alternate reactor viz. fluidised bed reactor for leaching and 
rusting processes. The major advantages of using gas–liquid–solid fluidised bed 
reactor for leaching and rusting processes are near uniform energy dissipation, higher 



(12)mass transfer rates. Moreover, the same reactor can be used both for rusting and for 
 separation and hence act as a multifunctional reactor. But for development of such an 
 alternate reactor, a fundamental knowledge of the various complex mechanisms like 
 hydrodynamics, mass transfer and heat transfer occurring in these type of reactors is 
 essential. At present, the understanding of these reactors is far from complete because 
 of the complex interactions among the phases and also due to insufficient quantitative 
 information about flow patterns, phase holdups, solids mixing and circulation. Thus, 
 there is a need to quantify the performance of such multiphase reactors in terms of 
 flow patterns, phase holdups, solids mixing and circulation and transport phenomena. 


For this reason, Experimental Fluid Dynamics (EFD) and Computational Fluid 
Dynamics (CFD) techniques have been promoted as useful tools for understanding 
multiphase reactors for precise design and scale up. Experimental fluid dynamics 
(EFD) is nothing but to get physics through the instrumentation.  In recent years, 
computational fluid dynamics (CFD) has emerged, as a powerful tool for the study of 
fluid dynamics of multiphase processes within each of the process equipments. Two 
models are widely used for describing the hydrodynamics of multiphase system, i.e., 
the Euler–Euler model and Euler–Lagrange model. Euler–Euler fluid model treats all 
the phases to be continuous and fully interpenetrating. Owing to the continuum 
representation of the particle phases, Eulerian models require additional closure laws 
to describe the rheology of particles. The Euler–Lagrange model on the other hand 
adopts a continuum description for fluid phase and tracks the dispersed solids phase 
by applying Newton’s Law of motion for each individual particle. As the volume 
fraction of solids phase increases Euler–Lagrange model becomes more 
computationally intensive.  
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Hence the objective of this research work is directed towards understanding 
 the complex hydrodynamics of mechanically agitated reactors and fluidised bed 
 reactors using multiphase CFD.  The CFD simulations are based on Eulerian 
 formulation where each phase is treated as continuum and interpenetrating and 
 appropriate closure laws are used. Based on CFD predictions, the performance of the 
 both the reactors are compared in terms of hydrodynamics and mass transfer. For the 
 hydrodynamics, the investigations are based on the solids suspension characteristics 
 and for mass transfer, the investigations are based on gas-liquid mass transfer 
 coefficient in both the reactors. The lay out of the thesis is as follows: 


The first chapter gives a detailed introduction to multiphase reactors and their 
classification which is followed by the scope and objectives of the present 
investigation. In the second chapter, various types of CFD techniques used for 
simulating multiphase flows are described in detail. Detailed investigations on the two 
phase hydrodynamics of liquid–solid flows in mechanically agitated reactor and 
fluidised bed reactor using multiphase flow CFD approach is presented in chapter 
three and four.  The fifth and sixth chapters of the thesis deals with the investigations 
of CFD simulations of hydrodynamics of gas–liquid–solid flows in mechanically 
agitated and fluidised bed reactor. The detailed investigations on gas–liquid mass 
transfer characteristics in gas–liquid–solid mechanically agitated reactor and fluidised 
bed reactor using CFD simulation is presented in chapter seven. This is followed by 
the overall comparison of performance of mechanically agitated and fluidised bed 
reactor in terms of hydrodynamics and mass transfer. Conclusions based on the 
present investigations and scope and suggestions for the future course of work in this 



(14)field is presented in the last chapter.  The following sections gives a brief summary of 
 the work carried out in this research work. 


2. CFD Simulation of Hydrodynamics of Liquid–Solid Fluidised Bed 


Liquid–solid fluidised beds continue to attract increasing attention due to their 
 inherent versatility for several industrial applications in hydrometallurgical, 
 biochemical, environmental and chemical process industries.  


In this present work, CFD simulation have been performed to predict the flow 
pattern of solids and liquid motion in liquid fluidised bed for various design and 
operating conditions by employing the multifluid Eulerian–Eulerian approach. The 
data of Limtrakul et al. (2005) is used for validating the CFD simulation results. They 
have used non invasive techniques such as computer tomography (CT), computer-
aided radioactive particle tracking (CARPT) to measure solid holdup, solid motion 
and turbulence parameters in two liquid fluidised beds of plexiglas columns: 0.1 m 
i.d. with 2 m height and 0.14 m i.d. with 1.5 m height. The liquid phase is chosen as 
water. The solid phase is chosen as glass beads of size 1 and 3 mm with a density of 
2900 kg /m3 and 2500 kg/m3 respectively. They also used acetate beads of 3 mm size 
with a density of 1300 kg /m3. Adequate agreement was demonstrated between CFD 
simulation results and experimental findings reported by Limtrakul et al. (2005). The 
predicted flow pattern demonstrates that the time averaged solid velocity profile 
exhibits axisymmetric with downward velocity at the wall and maximum upward 
velocity at the center of the column and higher value of solid holdup at the wall and 
lower value of that at the center. CFD model has been further extended to compute 
solid mass balance in the center and wall regions and energy flows due to various 
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contributing dissipation mechanisms such as friction, liquid phase turbulence and 
 mean flow. The result obtained shows a deviation in the range of 10–15% between 
 center and wall region for solid flow balance calculations. In the computation of 
 energy flows, the energy difference observed is in the range of 2–9%  


In the present study, the influence of various interphase drag models on solid 
 motion in liquid fluidised bed was studied. The drag models proposed by Gidaspow, 
 (1994); Syamlal and O’Brien, (1988), and Di Felice, (1994) can qualitatively predict 
 the flow pattern of solid motion inside the fluidised bed, in which the model proposed 
 by Gidaspow gives the best agreement with experimental data. To identify the CFD 
 methodology to enhance the accuracy of numerical simulation comparison between 
 2D and 3D simulation, the effect of grid sensitivity, time step sensitivity and effect of 
 inlet feed conditions were investigated and a comprehensive CFD methodology was 
 established to model the liquid–solid fluidised bed.  


3. CFD Simulation of Solid Suspension in Liquid–Solid Mechanically Agitated 
 Contactor 


Liquid–Solid mixing in mechanically agitated contactors is a widely used 
operation in the chemical industries, mineral processing, wastewater treatment and 
biochemical processes. Solid suspension in mechanically agitated contactors is 
important wherein, the solid particles are moving in the liquid phase and hence 
increase the rate of mass and/or heat transfer between the particles and the liquid. One 
of the main criteria which is often used to investigate the solid suspension is the 
critical impeller speed at which solid are just suspended.  Zwietering (1956) was the 



(16)first author who proposed a correlation for minimum impeller speed for just 
 suspension condition of solids.  


The objective of this work is to carry out the CFD simulation based on 
 Eulerian multi-fluid approach for the prediction of the critical impeller speed for solid 
 suspension in mechanically agitated reactor. CFD Simulations are carried out using 
 the commercial package ANSYS CFX-10. The CFD simulations are validated 
 qualitatively with literature experimental data (Micheletti et al., 2003; Spidla et al., 
 2005a)for solid–liquid agitated reactors in terms of axial profiles of solid distribution 
 in liquid–solid stirred suspension. A good agreement was found between the CFD 
 prediction and experimental data. The CFD predictions are compared quantitatively 
 with literature experimental data (Spidla et al., 2005a) in terms of critical impeller 
 speed based on the criteria of standard deviation method and cloud height in a 
 mechanically agitated contactor. An adequate agreement was found between CFD 
 predictions and experimental data. After the validation, the CFD simulations have 
 been extended to study the effect of impeller design (DT, PBTD and A315 
 Hydrofoil), impeller speed and particle size (200–650 μm) on the solid suspension in 
 liquid–solid mechanically agitated contactor.


4. CFD Simulation of Hydrodynamics of Gas–Liquid–Solid Fluidised Bed 


Three-phase reactors are used extensively in chemical, petrochemical,
 refining, pharmaceutical, biotechnology, food and environmental industries. 


Depending on the density and volume fraction of particles, three-phase reactors can 
be classified as slurry bubble column reactors and fluidised bed reactors. In slurry 
bubble column reactors, the density of the particles are slightly higher than the liquid 
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and particle size is in the range of 5–150 μm and volume fraction of particles is below 
 0.15. Hence, the liquid phase along with particles can be treated as a homogenous 
 liquid with mixture density. But in fluidised bed reactors, the density of particles are 
 much higher than the density of the liquid and particle size is normally large (above 
 150 μm) and volume fraction of particles varies from 0.6 (packed stage) to 0.2 (close 
 to dilute transport stage). In this study, the focus is on understanding the complex 
 hydrodynamics of three-phase fluidised beds containing coarser particles of size 
 above 1 mm.  


In this work, CFD simulation of hydrodynamics of gas–liquid–solid fluidised 
bed was studied for different operating conditions by employing the multifluid 
Eulerian–Eulerian approach. The CFD model prediction have been validated with 
experimental data for mean and turbulent parameters of solid phase reported by 
Kiared et al. (1999) and  gas  and liquid phase hydrodynamics in terms phase 
velocities and holdup reported by Yu et al. (1988, 2001). The CFD simulation results 
showed good agreement with experimental data for solid phase hydrodynamics in 
terms of mean and turbulent velocities reported by Kiared et al. (1999) and for gas  
and liquid phase hydrodynamics in terms of  phase velocities and holdup reported by 
Yu and Kim (1988, 2001). The predicted flow pattern shows that the averaged solid 
velocity profile with lower downward velocity at the wall and higher upward velocity 
at the center of the column. CFD simulation exhibits single solid circulation cell for 
all operating conditions, which is consistent with the observations reported by various 
authors. Based on the predicted flow field by CFD model, the focus has been on the 
computation of the solid mass balance and computation of various energy flows in 
fluidised bed reactors. The result obtained shows a deviation in the range of 8–21% 



(18)between center and wall region for solid mass flow balance calculations. In the 
 computation of energy flows, the energy difference observed is in the range of 10–


19% for the case of fluidised bed column of diameter 0.1 m, and in the range of 1–


3%, for the fluidised bed column of diameter 0.254 m.  


The influence of various interphase drag models for gas–liquid interaction on 
 gas holdup in gas–liquid–solid fluidised bed are also studied in this work. The drag 
 models proposed by Tomiyama (1998), gives the best agreement with experimental 
 data. To identify the CFD methodology to enhance the accuracy of numerical 
 simulation comparison between 2D and 3D simulation are also investigated and a 
 comprehensive CFD methodology is established to predict the flow behaviour of gas–


liquid–solid fluidised bed.  


5.  CFD Simulation of Solid Suspension in Gas–Liquid–Solid Mechanical 
 Agitated Contactor 


Mechanically agitated reactor involving gas, liquid and solid phases have been 
widely used in the chemical industries and in mineral processing, wastewater 
treatment and biochemical industries.  This is one of the widely used unit operations 
because of its ability to provide excellent mixing and contact between the phases.  In 
these types of reactors, the agitator plays the dual role of keeping the solids 
suspended, while dispersing the gas uniformly as bubbles. An important consideration 
in the design and operation of these agitated reactors is the determination of the state 
of just suspension, at which point no particles reside on the vessel bottom for more 
than 1 to 2s. Such a determination is critical to enhance the performance of the 
reactor, because until such a condition is achieved the total surface area of the 
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particles is not efficiently utilized.  Hence, it is essential to determine the minimum 
 impeller speed required for the state of complete off bottom suspension of the solids 
 called the critical impeller speed. The critical impeller speed for gas–liquid–solid 
 mechanically agitated reactors mainly depend on several parameters such as particle 
 settling velocity, impeller design, impeller diameter, sparger design, and its location. 


   In this present work, multi-fluid Eulerian–Eulerian approach along with 
 standard k-ε turbulence model has been used to study solid suspension in gas–liquid–


solid agitated contactor. The results obtained from CFD simulations are validated 
 qualitatively with literature experimental data (Guha et al., 2007; Spidla et al., 2005; 


Aubin et al., 2004) in terms of axial and radial profiles of solid velocity in liquid–


solid suspension and liquid velocity in gas–liquid dispersion for different operating 
conditions. A good agreement was found between the CFD prediction and 
experimental data. For gas–liquid–solid flows, the CFD predictions are compared 
quantitatively with our experimental data in the terms of critical impeller speed for 
just suspended conditions based on the criteria of standard deviation method and 
cloud height in a mechanically agitated contactor. An adequate agreement was found 
between CFD prediction and experimental data. The numerical simulation has further 
been extended to study the effect of impeller design (DT, Pitched blade turbine), 
impeller speed, particle size (125–230 μm) and air flow rate (0–1vvm) on the critical 
impeller speed for solid suspension in gas–liquid–solid mechanically agitated 
contactor.



(20)6. A Comparative Study of Hydrodynamics and Mass Transfer in Gas–Liquid–


Solid Mechanically Agitated and Fluidised Bed Contactors using CFD 


Since the main aim of the thesis is the comparison of mechanically agitated 
 reactor and fluidised bed reactor in terms of hydrodynamics and mass transfer, this 
 chapter is focused on a comparative study of mechanically agitated reactors and 
 fluidised bed reactor. The hydrodynamic parameters like gas hold up and power 
 consumption obtained by CFD simulations explained in the previous chapters are 
 compared for both the type of reactors.  Similarly for comparing mass transfer 
 characteristics of both the reactors, the mass transfer coefficient obtained by CFD 
 simulation is used in the present study.  


   For gas holdup prediction, fluidised bed contactor gives a range of  0.03–0.07 
 at lower P/V values  (300–700 W/m3) whereas mechanically agitated contactor with 
 DT and PBTD gives same range of gas holdup (0.03–0.1) at higher P/V range of 
 1000–3000 W/m3. For interfacial area  prediction, the  fluidised bed contactor gives 
 between 100 and 250 m2/m3 for P/V  varying between 300 and 700 W/m3 whereas 
 mechanically agitated contactor gives  between 50 and 150 m2/m3 for P/V varying 
 between  1000 and 4000 W/m3.  For gas–liquid mass transfer coefficient (kLa)s


prediction, fluidised bed contactor gives in the range of  0.05–0.2 s-1 at lower P/V 
 varying between 300 and 700 W/m3 whereas mechanically agitated contactor with DT 
 and PBTD gives same range of (kLa)s (0.05–0.2 s-1) at higher P/V range of 1000–3000 
 W/m3.  


   For the various operating conditions, fluidised bed contactor gives the best 
performance at low total power consumption per unit volume of contactor  (P/V) 
compared to  mechanically agitated contactor with DT and PBTD in terms of gas 
holdup, interfacial area and gas–liquid mass transfer coefficient (kLa)s prediction. 
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(39)Introduction 


1


1.1. Background 


All industrial chemical processes are designed to convert cheap raw materials 
 to high value products through chemical reactions involving gas/liquid, gas/solid or 
 gas/liquid/solid phases. A reactor in which such chemical transformations take place 
 has to carry out several functions such as bringing reactants into intimate contact (to 
 allow chemical reactions to occur), providing an appropriate environment 
 (temperature and concentration fields, catalysts) for an adequate time and allowing for 
 the removal of products. Handling systems involving two or more phases is common 
 in areas from the processing of fuels and chemicals to the production of food, paper, 
 pharmaceuticals and speciality materials.   Typical examples of reactors involving 
 multiphase flows are gas–liquid reactors like stirred reactors, bubble columns, gas–


liquid–solid reactors like stirred slurry reactors, three-phase fluidised bed reactors etc.,  
 Some examples of multiphase reactor technology as cited by Dudukovic  et al. 


(1999) include (1) the upgrading and  conversion of petroleum feed stocks and 
intermediates; (2) the conversion of coal-derived chemicals or synthesis gas into fuels, 
hydrocarbons, and oxygenates; (3) the manufacture of bulk commodity chemicals that 
serve as monomers and other basic building blocks for higher chemicals and 
polymers; (4) the manufacture of pharmaceuticals or chemicals that are used in fine 
and speciality chemical markets as drugs or pharmaceuticals and (5) the conversion of 
undesired chemical or petroleum processing by-products into environmentally 
acceptable or recyclable products.  The list of various types of industries that use 
multiphase reactor technology is shown in Table 1.1. The importance of multiphase 
reactor technology is clearly evident from the separate sessions dedicated to this topic 
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in recent conferences like International Symposium on Multifunctional Reactor 
 (ISMP-5), Gas–Liquid–Solid Reactor Engineering (GLS-8)).   


Table 1.1.   List of various industrial sectors that involve multiphase 
 reactor technology 


Industries Examples 
 Synthesis and natural gas conversion  MeOH, DME, MTBE, paraffins, olefins 


and higher alcohols 


Energy  coal, oil, gas and nuclear power plants 


Bulk chemicals  aldehydes, alcohols, amines, acids, esters 
 and  inorganic acids 


Fine chemicals and pharmaceuticals  dyes,  fragrances,  flavors  and 
 pharmaceuticals 


Biomass conversion  syngas, methanol, ethanol, oils and high 
 value added products 


Petroleum refining  dewaxing, fuels, aromatics and olefins 


Polymer and materials manufacture  polycarbonates, PPO, polyolefins, 
 speciality plastics, semiconductors, etc. 


Environmental remediation  De-NOx, De-Sox, HCFCs, DPA and green 
 processes 


Hydrometallurgy   Refining of iron ore, ilmenite ore etc.   


The development of multiphase reactor technology involves, initially 
development of either a new or an improved process which is often done in a 
laboratory scale and next is to select the practical and economical reacting system for 
the optimised process conditions with high performance. The performance may be 
expressed in the following way, i.e., achieve a high selectivity and yield, reproduce 
the chemist’s laboratory process on an industrial scale, high capacity and throughput, 
perform the reactions in a safe way and also fulfill the requirements of environmental 
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regulations. The selection of multiphase reactor based on the systematic procedures is 
 highly desirable and it should be based on a rational approach based on a reactor 
 model. Such model must capture events on different scales and provides the ability to 
 scale from laboratory to commercial process. Krishna and Sie (1994) proposed a 
 strategy for multiphase reactor selection based on examining the particle scale 
 phenomena, phase contacting pattern and flow, and the mixing pattern expected in a 
 particular reactor from the point of view of their effect on chemical pathways and 
 energy requirements of the process under consideration.  


The refining and manufacture of value-added products of metal ores through 
 hydro-metallurgical processing route is another area where multiphase reactor 
 technology plays a major role. Typical example include refining iron containing ores 
 like iron ore or ilmenite ore to value added products like sponge iron or synthetic 
 rutile. During the last two decades, National Institute for Interdisciplinary Science & 


Technology (NIIST) (Formerly known as Regional Research Laboratory - 
 Trivandrum) has been involved in development of an environmentally friendly 
 process for the production of high grade synthetic rutile from ilmenite by modifying 
 the existing Becher’s process.  


The environmentally friendly process for the manufacture of high grade 
 synthetic rutile developed by NIIST consists of the following two major steps: 


1)  Metallisation (reduction of the ferrous and ferric oxide content in ilmenite 
 to metallic iron) of ilmenite using a high volatile sub-bituminous coal as 
 both fuel and reductant 


2)  Oxidative removal (accelerated corrosion) of metallic iron from the reduced 
ilmenite in an aerated solution containing an electrolyte, as hydrated iron 
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oxide (rust) and the separation of the hydrated iron oxide from rusted 
 (beneficiated ilmenite) ilmenite. 


The metallisation process is carried out in a rotary kiln, in which the iron (II) 
 and iron (III) content of the ilmenite is reduced to metallic iron at about 1150°C using 
 coal as both reductant and fuel. Overall reactions constituting the metallisation 
 process can be represented as   


 FeTiO3 (s) + CO (g)   =    Fe (s) + TiO2 (s) +CO2 (g)   ...…………(1.1)
   CO2 (g) + C (s)       =    2CO (g)       …..…………(1.2)       
 During this step, reduced ilmenite particle consists of porous matrix of rutile 
 covered on the surface with metallic iron.  


The second major step is the removal of metallic iron from the surface of 
reduced ilmenite particles. The process of metallic iron removal from reduced 
ilmenite through the hydrometallurgical aeration leaching is popularly known as 
rusting reaction and is carried out by air sparging through slurry containing reduced 
ilmenite particles and liquid contacting electrolyte solution in a mechanically agitated 
reactor as a batch process. Figure 1.1 shows the schematic diagram of mechanically 
agitated contactor for rusting reaction.  
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Figure 1.1. Schematic diagram of mechanically agitated contactor for rusting reaction 


The rusting process for removing metallic iron from metallised (reduced) 
 ilmenite is an accelerated corrosion reaction carried out under aerated (oxygen 
 enriched) condition in liquid containing electrolytes. The uniqueness and complexity 
 of the process arises from the simultaneous but varying presence of four phases viz., 
 metallised ilmenite, hydrated iron oxide (rust), air bubbles and the liquid containing 
 electrolytes. This is schematically depicted in Figure 1.2. The existence of interfaces 


1.  Reactor    7.   Power Meter 


2.  Agitator    8. Rotameters 


3.  Gas Sparger       9.   Dissolved oxygen probe 


4.  Baffles    10. Pump 


5.  Jacket    11. Probe for pH temperature   
 6.  D C Motor       and oxygen reduction potential 
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between the phases is also depicted in the same figure highlighting the various 
 resistances for the transfer of a gaseous species such as oxygen to the surface of a 
 metallised ilmenite particle. 


The mechanism of iron removal from metallised ilmenite can be represented as 
 follows: 


1.  Reaction of solid surface 
 (a) Anodic reaction  


Fe0  Fe2++2e-      …..…………(1.3)       


(b) Cathodic reaction 


O2+2H2O+4e-      4OH-       …..…………(1.4)       


If FeCl2 is employed in the electrolyte, oxygen mass transfer rate enhancement occurs 
 due to the reaction in the gas–liquid film; 


4Fe2++O2(ag)+4H+   4Fe3++2H2O      …..…………(1.5)         
 followed by a cathodic reaction  


Fe3+ +e-         Fe2+       …..…………(1.6)       


at the solid–liquid interface depending on the red-ox potential and pH of the medium. 


The reaction in the bulk liquid responsible for generation of the hydrated iron oxide 
 are oxidation of ferrous ions given by 


[4Fe (H2O)6]2++O2+4H+   [4Fe(H2O)6]3++2H2O  …..…………(1.7)
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