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Abstract 

The present study analyses the physical reasons causing variation in the performance goals 

and flow pattern associated with circular baffled surface aeration tanks under various 

geometric and dynamic conditions using the Computational Fluid Dynamics (CFD) technique 

for the optimal design of aeration vessels. The Reynolds Averaged Navier Stokes (RANS) 

approach with standard k-ɛ turbulence model closure was adopted for modelling the flow field 

characteristics. The impeller rotation was modelled using the Multiple Reference Frame 

(MRF) technique and the entrainment of air into the reactor vessels was modelled using 

implcit Volume of Fluid (VOF) method.  

The numerical errors arising from grid resolution, grid type and numerical discretization 

scheme were properly minimized in the present study. The hybrid grid outperforms the 

tetrahedral grid for modelling the surface aeration tank. The second order upwind scheme 

provides accurate prediction of flow field which are comparable with third order schemes. 

The radial and axial extents of MRF boundary were varied in the tank domain and optimal 

extents of the same were found. The proper balance between the power number computed 

from the torques of impeller and tank periphery was derived as the general criterion for 

selecting the optimal position of MRF boundary. The predictions from the completely verified 

CFD model matched closely with the corresponding results from the experimental studies and 

LES model respectively.  

The tank parameters such as impeller clearance, tank diameter, impeller speed, number of 

blades and number of baffles were varied and the respective influence on the flow field and 

performance goals were analysed. The standard reactor vessel working in the turbulent regime 

develops double loop pattern and large trailing vortices behind the blades. On the other hand, 

the low clearance vessels, high clearance vessels and the vessels with large diameter generates 

distinct low pressure region around the impeller which results in single loop pattern and small 

trailing vortices behind the blades. The small trailing vortices provide weak flow separation 

region behind the blades which results in small impeller form drag and power number as 

compared to the standard reactor vessel. The high clearance vessels and the standard reactor 

vessel agitated at high impeller speeds produces high vortex and turbulence activity near the 

free liquid surface which deforms the same and increases the oxygen transfer into the aeration 

vessels. The double loop pattern produces bulk mixing of the fluid while the single loop 
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pattern provides localized mixing either near bottom or top surfaces of the reactor vessels. 

Thus, the distribution of pressure and trailing vortices surrounding the impeller controls the 

flow pattern and power characteristics of the aeration vessels. The aeration tank with four 

baffles and the Rushton Turbine (RT) impeller with six blades were found to be optimal for 

the mixing purposes due to the development of high vortex and turbulence activity in the 

reactor vessels.  
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Chapter 1 

Introduction 

1.1 Wastewater treatment- an overview 

Wastewater treatment is the process by which contaminants in the wastewater is removed to 

enhance its quality so that the resulting effluent can be safely discharged into the water bodies 

without causing any negative impacts on the ecosystem. Based on the source of generation, 

wastewater can be classified into four categories viz. domestic wastewater (also called sewage 

or municipal wastewater), industrial wastewater, agricultural wastewater and leachate from 

the sanitary landfills. Appropriate treatment plants are installed and operated to treat each type 

of wastewater. The industrial wastewater is treated either in industrial wastewater treatment 

plant or in the sewage treatment plant itself after necessary pre-treatment process (Peavy et al. 

1985). The wastewater treatment has mainly four stages viz., preliminary treatment, primary 

treatment, secondary treatment and tertiary treatment respectively. In the preliminary 

treatment, the larger materials (debris, gravel, sand) which can cause operational difficulties 

are removed while in the primary treatment, finer solids, oil and grease content present in the 

wastewater are removed. In the secondary treatment process, organic matter dissolved in the 

wastewater is converted into sludge using aerobic or anaerobic techniques and the sludge is 

then properly digested and disposed. The treated wastewater after the secondary treatment 

process is disinfected using chlorination or ultraviolet irradiation methods in the final 

treatment and then discharged into the water bodies or reused for any specific purposes (JBA 

2010). 
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During the past century, considerable research works in the field of wastewater treatment has 

led to significant improvements in the Activated Sludge Process (ASP) which is regarded as 

the standard for biological secondary wastewater treatment process (Karpinska and 

Bridgeman 2018). The ASP mainly consists of a bioreactor called aeration tank in which the 

treatment occurs, a secondary clarifier for separating the harmless solid particles after the 

treatment and sludge recycle system for providing active micro-organisms from the clarifier 

back to the aeration tank for uninterrupted treatment process. The wastewater from the 

primary treatment units is carried to the aeration tank in which intimate contact is developed 

between particulate and suspended organic matter with the sludge re-circulated from the 

secondary clarifier. This sludge consists of actively growing micro-organisms which convert 

the organic matter present in the wastewater into sludge in the presence of oxygen (Peavy et 

al. 1985). The air is introduced into the wastewater either through the surface aeration system 

or as bubbles through the diffused aeration system. The micro-organisms present in the re-

circulated sludge consume the oxygen available in the air for converting the organic matter 

present in the wastewater into stable, low-energy compounds such as SO4, NO3, CO2 and 

sludge containing new bacterial cells (Peavy et al. 1985). Therefore, the required level of 

oxygen for the biological oxidation process should be ensured within the aeration vessel so as 

to achieve effective treatment of the wastewater (Karpinska and Bridgeman 2017). The 

effluent containing sludge from the aeration tank is transported to the secondary clarifier 

where the sludge is allowed to settle down by means of gravity in the bottom part of the 

clarifier. A small part of the sludge containing active micro-organisms from the secondary 

clarifier is re-circulated back to the aeration tank for continuing the ASP without any 

interruption. The remaining part of the sludge is processed in the sludge treatment plant and 

then properly disposed or reused (JBA 2010). The typical diagram showing the workflow of 

ASP is shown in Figure 1.1. 
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Figure 1.1: Workflow of ASP  

(Source: SUEZ (2021)) 

1.2 Mechanisms of aeration process 

The oxygen transfer into the aeration tanks is essential for efficient treatment of the 

wastewater and it depends upon the type of aeration system employed for the wastewater 

treatment process (Karpinska and Bridgeman 2017). The mechanisms causing the aeration 

process is classified into three categories such as shear type entrainment, vortex type 

entrainment and liquid fall type entrainment (Durve and Patwardhan 2012). The basic idea 

behind each type of aeration mechanism is to generate the flow conditions suitable for 

increasing the interfacial contact area between the air and liquid which increases the 

entrainment of air into the liquid. The underlying flow conditions then generate air bubbles 

within the liquid and disperse the same into the entire domain of the reactor vessel.  

1. Shear type entrainment: The vigorous rotation of the impeller located near the free liquid 

surface develops strong discharge streams and re-circulation patterns which increases the 

turbulent velocities near the free liquid surface. The higher turbulence levels create significant 

wave action near the free liquid surface which ejects liquid droplets into the air. The 

movement of liquid droplets in air increases the interfacial contact area between the air and 

liquid leading to the entrainment of air into the liquid. When the droplets strike back at the 

free liquid surface, bubbles are entrapped into the liquid resulting in increase in the oxygen 

transfer into the reactor vessel. The re-circulation patterns present in the vessel distributes the 

entrapped air bubbles into the entire domain of the reactor vessel (Durve and Patwardhan 



4 
 

2012). The wave action near the free liquid surface and entrapment of air bubbles into the 

vessel are shown in Figures 1.2(a) and 1.2(b) respectively. 

  

(a) (b) 

Figure 1.2: (a) Wave action near the free liquid surface and (b) Entrapment of air bubbles into the 

reactor 

(Source: Motamedvaziri and Armenante (2012)) 

2. Vortex type entrainment: The strong rotation of the impeller increases the tangential 

velocity and centrifugal action near the free liquid surface which results in the formation of a 

free surface vortex in the central part of the vessel. The formation of free surface vortex 

increases the interfacial contact area between the air and liquid which increases the 

entrainment of air into the liquid contained in the vessel. At higher impeller rotation speed, 

the free surface vortex reaches the impeller surface and results in the formation of large 

number of air bubbles. The dispersion of air bubbles into the liquid significantly increases the 

oxygen transfer into the reactor vessel. Since the bubble dispersion occurs in the vessel 

without the usage of any gas-sparger, this process is also known as self-induced aeration 

(Busciglio et al. 2013). The formation of free surface vortex and dispersion of air bubbles are 

shown in Figures 1.3(a) and 1.3(b) respectively. 
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(a) (b) 

Figure 1.3: (a) Free surface vortex around impeller shaft and (b) Entrapment of air bubbles into the 

reactor 

(Source: Busciglio et al. (2013)) 

3. Liquid fall type entrainment: The high turbulent velocities generated along the free liquid 

surface leads to partial swelling or bulging of the free liquid surface. The discontinuity in the 

slope of free liquid surface at the boundary of the swollen part results in the branching of flow 

away from the free liquid surface and subsequent formation of air bubbles near the free liquid 

surface. The liquid then moves downwards through the swollen surface in the form of a small 

waterfall and returns back to the free liquid surface. The air bubbles thus formed are entrained 

into the liquid when the flow once branched away is re-entered into the free liquid surface. 

This phenomenon is also known as waterfall induced entrainment as the liquid flows through 

the swollen surface like a small waterfall (Madarame and Chiba 1990). The liquid fall type air 

entrainment into the reactor vessel with detailed views of free liquid surface and swollen parts 

are shown in Figures 1.4(a)-1.4(c) respectively. 
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                          (a)                                                                           (b) 

 

(c) 

Figure 1.4: (a) Liquid fall type entrainment (Source: Yang and Mao (2014)), detailed views of (b) wavy 

free liquid surface and (c) liquid fall along swollen part (Source: Madarame and Chiba (1990)) 

1.3 Classification of aeration system 

The aeration systems in the activated sludge plants are designed to deliver calculated oxygen 

demand of the wastewater against the available dissolved oxygen level in the incoming 

wastewater. Apart from providing required oxygen demand for the wastewater, the aeration 

systems should invariably assure necessary mixing or agitation in the vessel so that the 

complete mixed liquor suspended solids can be made available for the biological activity. 

Moreover, activated sludge should be kept in suspension throughout the entire course of the 

treatment process (JBA 2010). The aeration system is basically classified into three categories 

viz. (1) Diffused aeration system, (2) Surface aeration system and (3) Combined aeration 

system. 

1. Diffused aeration system: In this aeration system, compressed air is introduced into the 

wastewater through diffusers or nozzles which are placed near the bottom surface of the 

vessel. The diffusers are located along one side of the aeration vessel so as to obtain a spiral 

flow field within the tank which helps in providing adequate mixing and solid suspension 

conditions within the vessel. The aeration occurs through the interfacial contact area between 

the air bubbles rising from bottom of the vessel and the wastewater contained in the vessel. 

The diffusers are placed at a height of 0.3m to 0.6m above the floor of the vessel so as to 

avoid clogging during shutdown and to aid in cleaning of the tank. The diffused aerators shall 

Discontinuous free liquid surface 
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be classified into two categories such as fine bubble diffuser and coarse bubble diffuser 

respectively (JBA 2010). The fine bubble diffusers provide superior oxygen transfer 

efficiency with adequate mixing of the sewage while increases the maintenance cost to reduce 

the underlying fouling and clogging issues. On the other hand, coarse bubble diffusers 

develop superior mixing conditions in the aeration tank with less maintenance cost although 

the oxygen transfer efficiency is lesser than that of the fine bubble diffusers (SSI 2019). The 

diagram of diffused aerator is shown in Figure 1.5. 

 

Figure 1.5: Diffused aerator  

(Source: Gasion (2021)) 

2. Surface aeration system: In this aeration system, wastewater is filled into a vessel with or 

without baffle walls and vigorously agitated using an impeller which is centrally mounted 

inside the vessel and connected to a motor using a vertical shaft (Rao 1999). The strong 

agitation of the impeller disturbs the normal air-liquid interface and generates additional 

interfaces which increase the contact area between the air and liquid resulting in the 

entrainment of air into the aeration tank (Rao and Kumar 2009). The strong agitation of the 

impeller also increases the mixing inside the tank which helps in uniformly distributing the 

entrained air into whole part of the vessel and properly suspending the organic matter within 

the fluid contained in the vessel (Patil et al. 2004). The impeller is mostly placed near the free 

liquid surface so as to increase the number of additional interfaces and subsequent 

entrainment of air into the liquid. Surface aerator is widely preferred in the wastewater 

treatment process as it provides superior treatment efficiency with minimum cost for 
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operation and maintenance activities (JBA 2010). The diagram of surface aeration tank is 

shown in Figure 1.6. 

 

Figure 1.6: Surface aerator  

(Source: Zabava et al. (2016)) 

3. Combined aeration system: In this aeration system, diffused and mechanical aerators are 

used to provide oxygen transfer into the wastewater. The diffusers are placed near the bottom 

surface of the vessel and the impeller for providing necessary mechanical agitation is also 

immersed in the liquid contained within the vessel. The air bubbles released from the diffusers 

travel upwards and develop strong mixing within the reactor vessel. The impeller is rotated in 

a direction opposite to the movement of air bubbles so as to enhance the mixing performance 

as well as to increase the entrainment of air through the additional air-water interfaces 

generated. Thus, the oxygen transfer occurs through the contact area between air bubbles and 

sewage as well as through the additional air-liquid interfaces developed by the strong 

agitation of the impeller (Engineering Articles 2022). The Dorroco aerator is a classic 

example for the combined aeration system and the same is shown in Figure 1.7. The main 

purposes of aeration such as oxygen transfer, superior mixing of sewage in the vessel and 

suspension of organic matter in the sewage are remarkably achieved using the combined 

aeration system. 
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Figure 1.7: Dorrocco aerator  

(Source: Engineering Articles (2022)) 

1.4 Surface aeration tank 

The surface aeration system is widely used in the wastewater treatment industries due to its 

superior oxygen transfer efficiency at less operational and maintenance cost (Rao et al. 2009). 

Although, the diffused aerators provide higher oxygen transfer rates, troubles due to fouling 

and clogging of sludge and chemical build up reduces their treatment efficiencies with time 

and demands huge cost for the maintenance of such troubles. Moreover, the design and 

installation of diffused aerators are complex as compared to the mechanical aerators. Further, 

the diffused aerators aren‘t suitable for the sewage containing effluent from chemical 

industries and higher concentration of suspended particles (SSI 2019). 

The main components of a surface aeration tank consist of a vessel with or without baffle 

walls and a rotating element called impeller which is connected to the motor through a 

vertical shaft (Rao et al. 2009). The cylindrical tank is widely preferred for the wastewater 

treatment as it develops superior oxygen transfer conditions as compared to the square and 

rectangular shaped tanks (Rao et al. 2004). Moreover, the presence of baffle walls is desirable 

as it avoids the formation of circular flow patterns and provides strong mixing in the radial 

and axial directions within the reactor vessel (Alcamo et al. 2005). A schematic diagram of a 

circular baffled surface aeration tank agitated using a Rushton Turbine (RT) impeller is shown 

in Figure 1.8. The various factors controlling the oxygen transfer process and the associated 

power consumption can be grouped as geometric parameters, dynamic parameters and 
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physical parameters respectively (Rao et al. 2009) and the corresponding functional 

relationship is expressed as given in the equation (1).  

          (                                 )       (1) 

Where       is the volumetric oxygen transfer coefficient,    is the power consumed,   is the 

cross-sectional area of the vessel,    is the depth of water,   and   are the diameter and 

rotational speed of the impeller,   is the width of baffle walls,   and   are the length and 

width of impeller blades,   is the clearance of the impeller from bottom of the vessel,     and 

    are the number of blades of rotor and number of baffle walls of the tank,    and    are 

the density of air and density of water,   is the acceleration due to gravity and   is the 

kinematic viscosity of water. The density and kinematic viscosity corresponding to the normal 

water are considered in this equation since the wastewater after the primary treatment exhibits 

highly similar physical characteristics as that of normal water and found to be invariant during 

the surface aeration process (Alvarado et al. 2013). The equation (1) was converted into the 

non-dimensional form using Buckingham pi theorem (Zlokarnik 2006) and the same was 

rearranged by  Rao et al. (2009) as specified in the equation (2). 

       (
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     )                                                                      (2) 

Where         (
 

  )
   

is the non-dimensional oxygen transfer parameter,    
  

      is 

the impeller power number,    
   

 
 is the Reynolds number and   

   

 
 is the Froude 

number respectively. The first seven non-dimensional parameters represent ‗geometric 

similarity‘ and the last two parameters indicate ‗dynamic similarity‘ of the aeration tank 

respectively (Rao et al. (2009)). The    and    are the fundamental performance goals 

associated with the surface aeration tanks.  
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Figure 1.8: Circular surface aeration tank with baffle walls agitated using RT impeller  

(Source: Rao et al. (2009)) 

1.5 Emerging challenges in designing energy efficient surface 

aeration tanks 

The continuous research activities in the field of ASP have expanded its applicability from the 

removal of high levels of Biochemical Oxygen Demand (BOD) and total suspended solids to 

the removal of nutrients such as nitrogen and phosphorous contained in the wastewater. 

Moreover, several modifications were attempted to the ASP so as to enhance its flexibility to 

meet the user specific requirements (Karpinska and Bridgeman 2016). However, the ASP 

requires steady supply of energy for the continuous working of the surface aeration tanks and 

pumps used for sludge and mixed liquor re-circulation processes. The surface aeration tank 

consumes 45%-75% of the total energy required for the complete wastewater treatment 

process which increases up to 85% in the extreme cases of nutrient removal from the 

wastewater (Karpinska and Bridgeman 2018). Therefore, the aeration process has 

considerable influence on the operation as well as maintenance budget of the water utilities 

(WEF 2009). Considering the global prominence on the water-energy-food-climate change 

nexus, it is necessary to reduce the energy consumption of wastewater treatment plants by 
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adopting various energy conservation measures, management programmes and engineering 

practices (Karpinska and Bridgeman 2018). As per the guidelines provided by EPA (2013) 

and WEF (2009), energy consumption of the wastewater treatment plants can be reduced by 

optimizing the design of surface aeration tanks. The other alternatives such as operational 

modifications (ie, frequent on-off operation) and the usage of advanced membrane diffuser 

system have reduced the oxygen transfer efficiency and increased the operational and 

maintenance cost (Karpinska and Bridgeman 2016). Therefore, it is necessary to develop 

optimal configuration of the surface aeration tank which provides high treatment efficiency 

with less energy consumption. 

In majority of the wastewater treatment industries, the design of surface aeration tank is 

prepared based on empirical principles (ATV-A-131 guidelines) or thumb rules or past 

experience of the officials working in such industries. These methods doesn‘t have sound 

theoretical basis and often result in improper design of the aeration vessels and subsequent 

financial loss related with the industries (Karpinska and Bridgeman 2018). Since the order of 

biochemical reactions occurring in the aeration tank is greater than zero, wastewater treatment 

efficiency associated with such non-ideal systems is governed by the hydrodynamic features 

present in the vessel (Karpinska and Bridgeman 2016). Therefore, accurate prediction of the 

local scale flow features associated with the surface aeration tanks is necessary for achieving 

optimal design of the same (Karpinska and Bridgeman 2017). However, the flow field 

characteristics associated with the aeration vessels aren‘t considered by the above mentioned 

methods for the design process. These methods assume the presence of a well-mixed flow 

regime in the surface aeration tank during the ASP or the flow behaviour of the surface 

aeration tanks are predicted using the ideal reactor models. Hence, a sophisticated analysis of 

the flow behaviour of the surface aeration tanks accounting for the flow patterns, turbulence 

characteristics and distribution of oxygen is necessary for efficient and energy optimized 

design of the surface aeration tanks (Karpinska and Bridgeman 2016).  

The flow physics associated with the surface aeration tanks is complex due to the presence of 

multiphase flow (mixed liquor and air), turbulent flow generated by the impeller and scales of 

various lengths ranging from size of bubbles to the size of aeration tank (Karpinska et al. 

2015). The fluid flow within the surface aeration tank is controlled by the geometric and 

dynamic parameters of the tank and at the same time, fluid flow governs the interface contact 

and oxygen transfer, power consumption, biochemical reactions and local concentration of 
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solids (Karpinska and Bridgeman 2016). Thus, it is necessary to build-up relationships 

connecting geometric and dynamic parameters of the tank, flow field characteristics and 

performance goals associated with the vessel so as to obtain efficient and energy optimized 

design of the surface aeration tanks. 

1.6 Hydraulic design of surface aeration tanks- Experimental and 

Computational approaches 

Substantial efforts were taken in the past to characterize the flow field conditions present in 

the agitated vessels using both experimental as well as Computational Fluid Dynamics (CFD) 

techniques. The conventional experimental techniques such as Laser Doppler 

Anemometry/Velocimetry (LDA/LDV) and Particle Image Velocimetry (PIV) are limited to 

lab-scale processes, affected by the uncertainties in the scale-up criteria for transferring the 

lab scale results into real full size reactor scale (Wechsler et al. 1999), poses difficulties in 

measuring the fluctuating quantities near the impeller (Alcamo et al. 2005) and restricted by 

the opacity of the fluid (Liu 2013). Although, the advanced experimental techniques such as 

Positron Emission Particle Tracking (PEPT) and Computer Automated Radioactive Particle 

Tracking (CARPT) techniques avoid some of the above mentioned drawbacks, these methods 

need to be developed further to analyse the complex flow conditions allied with the reactor 

vessels (Liu 2013).  

CFD approach has drawn widespread attention during the recent periods in analysing the flow 

field characteristics associated with the agitated reactors. With the advent of the sophisticated 

workstations and supercomputers, CFD approach provides detailed characterisation of the 

reactor hydrodynamics which are expensive or unobtainable from the experimental studies 

(Karpinska and Bridgeman 2017). This is a powerful and cost effective tool which computes 

the flow fields by simultaneously solving the conservation equations of mass, momentum and 

other variables under consideration (Joshi et al. 2011). Although, the CFD modelling process 

has inherent assumptions and inadequacies, proper minimization of various sources of 

numerical error and validation of the underlying mean and turbulent flow fields with the 

corresponding experimental results have resulted in accurate prediction from this approach 

(Coroneo et al. 2011). Due to these reasons, CFD approach is widely employed for predicting 

the flow behaviour as well as unit processes involved in the reactor vessels.  
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1.7 The present work 

The main aim of the present study is to build physical reasons causing variation in the 

performance goals under various geometric and dynamic conditions of the aeration tank 

which aid in effective design of the same using CFD approach. The methodology adopted for 

the CFD simulations was verified and validated to achieve reliable and accurate prediction of 

the flow field characteristics. The present thesis is divided into two main parts. The first part 

deals with the development of an efficient CFD model of a reactor vessel including 

minimization of various sources of numerical error and detailed comparison of the CFD 

prediction with the corresponding results from experiments and advanced computational 

techniques available in the literature. The second part comprises of the analysis of mean and 

turbulent flow fields under various geometric and dynamic conditions of the vessel so as to 

explain the physical reasons causing variation in the performance goals with the variation in 

the geometric and dynamic parameters of the tank. The physical relationship between the tank 

parameters and the performance goals will help in selecting the optimal configuration of the 

reactor vessel for the surface aeration process. Apart from the surface aeration process, the 

results from this study can be extended for designing the reactor vessels used in various 

industries requiring solid-liquid suspension and bulk mixing conditions respectively. 

1.8 Layout of thesis 

This thesis is structured as follows. The Chapter 2 deals with the review of relevant literature 

pertaining to the research topic under consideration. This includes review of literature related 

with the verification of various sources of numerical error and analysis of the flow field 

characteristics associated with various configurations of the reactor vessels. The methodology 

adopted for the CFD modelling of surface aeration tanks is elucidated in the Chapter 3. This 

chapter contains the description regarding the modelling approach, governing equations, 

turbulence model closures, boundary conditions, procedures adopted to minimize the various 

sources of numerical error and configurations of the aeration vessels analysed in the present 

work. The Chapters 4 and 5 describe the results obtained from the present study and the 

comprehensive discussion of the same. In Chapter 4, the results concerning the verification of 

various sources of numerical error arising from grid resolution, grid type, numerical 

discretization scheme and the position of MRF boundary are discussed. Further, the predictive 
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performance of the completely verified CFD model is analysed by comparing the respective 

flow field predictions with the corresponding results from the experimental techniques, LES 

approach and other complex turbulence models respectively. In Chapter 5, the effect of 

various tank parameters such as 
 

 
, 

 

 
,  ,     and     on the flow fields and performance 

goals were analysed. The distributions of mean velocity, pressure, trailing vortices and 

various turbulent quantities under various configurations of the vessel were analysed. The 

physical reasons behind the variation in the performance goals with the variation in the above 

mentioned geometric and dynamic parameters of the tank are elucidated. Finally, the Chapter 

6 specifies the conclusions derived from the discussion of the results and possible scope for 

the future work. 
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Chapter 2 

Review of Literature 

2.1 Energy efficient design of surface aeration tanks 

The surface aeration tanks are the popular choice among various aeration systems for the 

wastewater treatment process due to its superior treatment efficiency at lesser operating and 

maintenance cost (Rao 1999). However, the surface aeration tanks are energy intensive units 

in a wastewater treatment plant and the development of energy efficient design of the same is 

a challenge faced by the research community as well as the practicing engineers (Karpinska 

and Bridgeman 2016). The energy efficient design of the surface aeration tank requires 

detailed knowledge of the underlying flow field characteristics. However, such details of the 

flow field characteristics aren‘t considered in the present design procedures (Karpinska and 

Bridgeman 2018). The past studies of Deshmukh and Joshi 2006, Patil et al. 2004 and Rao et 

al. 2009 have focussed in developing correlations for predicting the oxygen transfer and 

power consumption at various configurations of the reactor vessels so as to assist in the 

proper design of the same. But the variables affecting mixing or flow field characteristics 

weren‘t considered in such studies although these variables play a crucial role in the 

performance of the surface aeration tanks (Karpinska and Bridgeman 2018).  

The surface aeration tanks consist of high velocity and turbulence fields which promote 

entrainment of air as well as uniform distribution of the entrained air in the entire domain of 

the reactor vessel so as to achieve superior treatment efficiency. The geometric and dynamic 

parameters of the aeration tank control the underlying flow patterns and turbulence 

characteristics. The flow patterns and turbulence characteristics developed in the aeration tank 

in turn governs the corresponding performance goals such as oxygen transfer, power 
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consumption and mixing conditions (Karpinska and Bridgeman 2016) respectively. The 

surface aeration tank is basically a reactor vessel in which the liquid is pumped using an 

impeller and is transported to other parts of the reactor vessel so as to generate a flow pattern 

(or circulation pattern) within the vessel (Liu 2013). Moreover, the rotation of the impeller 

creates turbulence conditions in the vessel which governs the oxygen transfer into the reactor 

vessel (Rao 1999). Therefore, it is necessary to obtain detailed insight into the linkage 

between tank parameters, flow field characteristics and performance goals of the aeration tank 

so as to achieve energy efficient design of the same. In this regard, the literature review was 

done to understand the way in which the performance goals of the surface aeration tank vary 

with the variations in the tank parameters and flow field characteristics.  

2.2 Relationships between aeration tank parameters, flow field 

characteristics and performance goals 

In the present section, literature concerned with the variations in the oxygen transfer, power 

consumption and mixing performance of the reactor vessels with variations in the reactor 

parameters and flow field characteristics were reviewed. The inferences from these studies 

were used to identify the research gaps and subsequent outlining of the objectives for the 

present research work.  

2.2.1 Flow patterns and power number 

The reactor vessels with RT impeller at one third height (standard configuration) as well as 

mid-height have developed strong discharge streams behind the blades which propagate 

radially towards the tank periphery to generate two circulation loops above and below the 

impeller centre-plane. This flow pattern is known as double re-circulation or double loop 

pattern (Kresta and Wood 1993; Yapici et al. 2008) which is characterised by complex three 

dimensional velocity fields, periodic trailing vortices behind the blades and random 

turbulence fields away from the impeller (Escudié and Liné 2003; Yianneskis et al. 1987). 

Extensive research works have been performed by various scholars in the past using 

experimental and CFD techniques for studying the velocity fields (Lee and Yianneskis 1998; 

Molen and Maanen 1978; Yianneskis et al. 1987), trailing vortices (Escudié et al. 2004; 

Escudié and Liné 2006; Stoots and Calabrese 1995) and turbulence characteristics (Başbuğ et 

al. 2017; Cutter 1966; Delafosse et al. 2008; Wu and Patterson 1989) associated with these 



22 
 

reactor configurations. The above mentioned studies have found high magnitude of mean 

velocity near the impeller indicating jet action of the discharge stream, adequate velocity 

magnitude in the bulk flow region, significant transfer of kinetic energy from trailing vortices 

to random turbulence fields and dissipation of the same in the bulk flow region and near the 

periphery of the tank. These flow field characteristics provide bulk mixing of the fluid 

contained within the reactor vessel which makes it suitable for various operations associated 

with chemical, biochemical, petroleum, metal, metallurgical and wastewater treatment 

industries (Joshi et al. 2011).  

However, the RT impeller located near the bottom surface of the reactor vessel (low clearance 

vessel) has produced completely different flow pattern and mixing conditions as compared to 

the standard reactor vessel. The low clearance vessel develops discharge streams which move 

axially downwards and strike on the bottom surface of the vessel to generate two major re-

circulation loops in the vessel. This flow pattern is known as single re-circulation pattern or 

single loop pattern (Nienow 1968) or single loop down-pumping pattern (Iyer and Patel 2022) 

respectively. Single loop down-pumping pattern is characterised by higher velocities and 

turbulence fields near the bottom surface of the vessel which helps in lifting the solid particles 

and suspending the same in the liquid contained within the reactor vessel (Montante et al. 

1999). Thus, the low clearance vessel is widely preferred for the solid-liquid suspension 

processes in the industries (Conti et al. 1981). As a consequence, the transition from double 

loop pattern to single loop down-pumping pattern leads to decrease in the    by 25%-30% 

(Montante et al. 1999; Yapici et al. 2008) and mixing time by 16.37% (Ochieng et al. 2008; 

Ochieng and Onyango 2008) respectively. Several research works (Armenante et al. 1998; 

Armenante and Nagamine 1998; Conti et al. 1981; Galletti et al. 2003; Li et al. 2011; 

Montante et al. 1999, 2001; Zhu et al. 2019) have been performed to determine the critical 

impeller clearance at which the transition from double loop to single loop down-pumping 

pattern occurs. The double loop to single loop down-pumping pattern transition was found to 

occur within a range of impeller clearance rather than at a single clearance level and the flow 

patterns became unstable within this range and switched back and forth between single loop 

down-pumping and double loop patterns with a well-defined periodicity. The flow field 

characteristics associated with the single loop down-pumping pattern such as axial velocity 

fields, inclination of discharge streams and secondary circulation loops have been analysed 

using experimental and CFD approaches by various researchers (Li et al. 2011; Montante et 

al. 1999, 2001; Ochieng et al. 2008; Zhu et al. 2019). The downward moving discharge 
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streams and trailing vortices have caused substantial transfer of energy from the impeller 

region to the bottom surface of the reactor vessel (Li et al. 2011) resulting in significant 

increase in the vortex and turbulence activity in the entire bottom surface of the reactor vessel 

(Montante et al. 1999). The localized mixing produced near the bottom surface of the reactor 

vessel has led to poor bulk mixing of the liquid contained within the reactor vessel (Rashidifar 

and Rashidifar 2013). Li et al. (2011) and Montante et al. (1999) have increased the impeller 

speed of low clearance vessels and found insignificant changes in the underlying single loop 

down-pumping pattern. On the other hand, the larger impellers at low clearance conditions 

develop double loop pattern instead of single loop down-pumping pattern as compared to the 

smaller sized impellers (Li et al. 2011; Zhu et al. 2019). Moreover, the single loop down-

pumping pattern associated with the RT impeller was found to be weaker than that produced 

by the Pitched Blade Turbine (PBT) impeller (Zhu et al. 2019). Although, the past research 

works have analysed the geometric and dynamic conditions causing double loop to single 

loop down-pumping pattern transition and corresponding decrease in the   , physical reasons 

behind the same is still a mystery among the research community. 

The reactor vessel with RT impeller located near the free liquid surface (high clearance 

vessel) has generated the discharge streams which move axially upwards and strike on the 

free liquid surface to provide two major re-circulation loops within the vessel. This flow 

pattern is known as single re-circulation pattern or single loop pattern (Motamedvaziri and 

Armenante 2012) or single loop up-pumping pattern (Iyer and Patel 2022) respectively. As a 

consequence, the transition from double loop pattern to single loop up-pumping pattern leads 

to decrease in the    by 40% and pumping number (  ) by 75% respectively (Motamedvaziri 

and Armenante 2012). The single loop up-pumping pattern is characterised by higher 

velocities and turbulence fields near the top surface of the vessel which causes deformation of 

the free liquid surface and entrainment of air into the reactor vessel (Ryma et al. 2013). Thus, 

the high clearance vessels are widely adopted for the surface aeration process in the 

wastewater treatment industries (Deshmukh and Joshi 2006). Motamedvaziri and Armenante 

(2012) have specified a critical impeller submergence ratio below which the double loop 

pattern changes into single loop up-pumping pattern and this ratio was found to be unaffected 

by the rotational speed of the impeller. The characteristics of single loop up-pumping pattern 

such as axial velocity fields, inclination of discharge streams and secondary re-circulation 

loops were studied by various researchers such as Ryma et al. (2013) and Motamedvaziri and 

Armenante (2012) using experimental and CFD approaches. The upward discharge streams 
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associated with the high clearance vessels have increased the vortex and turbulence activity 

near the top surface of the vessel which in turn enhanced the localized mixing effects near the 

top surface of the reactor vessel. Even though, the earlier research works have studied the 

geometric and dynamic conditions of the reactor vessel causing double loop to single loop up-

pumping pattern transition and corresponding reduction in the   , the physical reasons 

causing the same aren‘t investigated by the research community so far. The flow patterns 

produced by the reactor vessels under standard, low and high clearance conditions are shown 

in Figures 2.1(a)-2.1(c) respectively. 

   

(a) Standard reactor vessel 

(  
 

 
) 

(b) Low clearance vessel  

(  
 

 
) 

(c) High clearance vessel  

(       ) 

Figure 2.1: Flow patterns associated with (a) Standard reactor vessel, (b) Low clearance vessel  

and (c) High clearance vessel 

The    of flow is a crucial dynamic parameter which significantly affects the mixing and 

power characteristics associated with the reactor vessels. Bates et al. (1963) have provided a 

‗power curve‘ which shows the variation of    with the    of flow for various types of 

impellers having different sizes agitated in a standard baffled reactor vessel.    linearly 

decreases in the laminar regime, slightly increases in the transitional regime and becomes 

constant in the turbulent regime of the baffled reactor vessels. However, in the case of 

unbaffled reactor vessels,    and    decreases with increase in the    under the turbulent 

flow regime as compared to the baffled reactor vessels (Myers et al. 2002). The mean 

velocity, velocity fluctuations and turbulent kinetic energy have exhibited Reynolds 

independent behaviour in the turbulent flow regime for standard as well as low clearance 

vessels respectively (Basavarajappa et al. 2015; Yapici et al. 2008; Zhang et al. 2017b). 

Moreover, the variations of mixing time and mixing energy associated with the reactor vessels 
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with variations in the    have been discussed in the research works of Lu et al. (1997) and 

Molnár et al. (2014) respectively. Although, the power curve is widely used for the design of 

industrial reactor vessels, physical reasons causing the variation of    with the    aren‘t 

analysed so far. 

The research works of Molnár et al. (2014) and Wu et al. (2001) have studied the effect of     

on the performance features and the impeller with six blades was found to provide superior 

mixing and dispersion of liquid within the reactor vessel as compared to the remaining 

impeller configurations. On the other hand, Lu and Yang (1998) have illustrated the 

suitability of the RT impeller with four blades for the aeration process due to the development 

of strong mean deformation rates, longer trailing vortices and higher turbulence fields as 

compared to the RT impeller with six blades. Backhurst et al. (1988) have observed that the 

aeration performance of the reactor vessel increases with increase in the     from zero to 

eight and remains constant thereafter. The authors have preferred the impeller with eight 

blades for the mixing process in the aeration vessels. The inferences from these literature 

regarding the optimal     is mutually contradicting in nature and hence detailed flow field 

analysis of the reactor vessels agitated using the RT impeller with various     is necessary for 

determining the optimal     for the mixing process.  

The reactor vessel with four baffle walls is considered as a standard for majority of the 

industrial processes due to the development of superior mixing and dispersion conditions 

(Myers et al. 2002; Rao et al. 2009; Wu and Patterson 1989; Yianneskis et al. 1987; Zlokarnik 

2006). Also, the reactor vessel with four baffles generates fully baffled conditions and 

superior mechanical stability which enhances the mixing performance of the same (Myers et 

al. 2002). On the other hand, Lu et al. (1997) have recommended providing     between four 

and eight for achieving superior mixing conditions in the vessel while Nishikawa et al. (1979) 

have specified to adopt vessel with three baffle walls to derive the fully baffled condition. The 

issues allied with the fluid mixing in the tanks having excessive baffling conditions were 

discussed by Lu et al. (1997). The controversy persisting in the optimal     for achieving 

superior mixing conditions in the reactor vessel from these literature necessitates the detailed 

flow field analyses of the reactor vessels with various     to determine the optimal     for 

the mixing process. 
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2.2.2 Oxygen transfer 

The phenomenon of surface aeration and the flow field characteristics under the aeration 

conditions were widely studied using experimental and CFD approaches by various 

researchers (Deshmukh and Joshi 2006; Kulkarni and Patwardhan 2014; Motamedvaziri and 

Armenante 2012; Patil et al. 2004; Ryma et al. 2013; Sun et al. 2006). The surface aeration 

increases with increase in 
 

 
 and the maximum oxygen transfer was obtained when the 

impeller is placed near the free liquid surface (Patil et al. 2004; Sun et al. 2006). The increase 

in the   and   under high clearance conditions has increased the turbulent flow within the 

vessel which in turn resulted in superior oxygen transfer into the reactor vessel (Sun et al. 

2006). On the other hand, increase in the 
 

 
 under high clearance conditions has considerably 

decreased the interfacial contact area (Matsumura et al. 1982) and the oxygen transfer into the 

reactor vessel (Backhurst et al. 1988). Motamedvaziri and Armenante (2012) have explained 

that the effective surface aeration occurs when the submergence of the RT impeller is less 

than the critical impeller submergence for generating the single loop up-pumping pattern and 

the corresponding   is greater than the critical   for providing free surface vortex and 

necessary mixing conditions adequate for the oxygen transfer into the reactor vessel. The 

rotation of impeller near the free liquid surface effectively transports the energy imparted by 

the impeller towards the free liquid surface resulting in the formation of free surface vortex 

(Deshmukh and Joshi 2006). The axial velocity, turbulent kinetic energy and dissipation rate 

above the impeller and near the free liquid surface from the high clearance vessels were found 

to be higher than that related with the standard reactor vessel (Deshmukh and Joshi 2006; 

Ryma et al. 2013). Moreover, the additional re-circulation loop generated near the free liquid 

surface around the shaft accumulates the air bubbles and fill the same into the free surface 

vortex region thus developed (Sun et al. 2006). The formation of free surface vortex has 

increased the oxygen transfer across the interface into the reactor vessel (Deshmukh and Joshi 

2006; Ryma et al. 2013). The increase in the   generates stronger trailing vortices behind the 

blades which suck the free surface vortex region towards the impeller resulting in increase in 

the size and depth of the same (Sun et al. 2006). As the free surface vortex touches the 

impeller surface, strong rotation of the impeller disperses the air bubbles into the liquid 

contained in the reactor vessel resulting in significant increase in the oxygen transfer into the 

reactor vessel (Ryma et al. 2013; Sun et al. 2006). Motamedvaziri and Armenante (2012) have 

referred this phenomenon as ‗flooding condition‘ and correlated the same with critical   of 
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flow within the reactor vessel. Since, the impeller is located near the free liquid surface of the 

surface aeration tanks, momentum of flow as well as the liquid circulation produced near the 

bottom surface of the vessel were found to be inferior as compared to that near the impeller 

and free liquid surface respectively (Ryma et al. 2013; Sun et al. 2006). This in turn has 

resulted in poor gas hold-up near the bottom surface of the reactor vessel (Sun et al. 2006). 

Kulkarni and Patwardhan (2012, 2014) have analysed the flow field characteristics during the 

onset of aeration in the reactor vessels. The interfacial turbulence quantities such as radial 

Root Mean Square (RMS) velocity, axial RMS velocity and turbulent kinetic energy have 

exhibited similar magnitudes during the onset of air entrainment irrespective of scale of the 

vessel, type of the impeller as well as size of the impeller respectively (Kulkarni and 

Patwardhan 2012). On the other hand, Kulkarni and Patwardhan (2014) have found that the 

instantaneous axial velocity, vorticity and strain rate on the air side of the interface achieve 

threshold values during the onset of aeration and substantially decreases thereafter in the 

reactor vessels agitated using the Disc Turbine (DT) and Pitched Blade Down flow Turbine 

(PBTD) impellers under various agitation speeds. From this literature review, it can be 

concluded that the past research works have mainly focussed on analysing the variations of 

free surface vortex, gas hold-up profiles, entrapment of air bubbles, circulation patterns and 

turbulence fields with the geometric and dynamic parameters of the surface aeration tank. 

However, the physical reasons causing such variations aren‘t explored so far in the literature 

which can help in developing optimal configurations of the surface aeration tank.  

2.2.3 Summary 

In summary, the mixing and dispersion processes in the surface aeration tanks exhibit 

considerable complexities regardless of the flow regime. The geometric and dynamic 

parameters of the tank have significant impact on the flow patterns and quality of mixing.  

The physical reasons causing variations in the   , oxygen transfer and mixing conditions with 

variations in the geometric and dynamic parameters of the reactor vessel aren‘t analysed so 

far in the literature. The detailed knowledge regarding the linkage between geometric and 

dynamic parameters of the vessel, flow field characteristics and performance goals is 

inevitable for optimal design of the reactor vessels (Başbuğ et al. 2018). This process requires 

proper characterisation of mean and turbulent flow fields near the impeller as well as in the 

bulk circulation region of the vessel (Joshi et al. 2011). Among the various geometric 
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parameters, the effect of 
 

 
,     and     on the mean and turbulent flow fields associated with 

the reactor vessels aren‘t studied so far which is necessary for the optimal design of the same. 

Moreover, the optimal     and     required for achieving superior mixing and oxygen 

transfer in the reactor vessels need to be determined from the detailed flow field analysis. 

2.3 Computational Fluid Dynamics (CFD) Modelling 

The principle of CFD approach is to analyse the fluid flow phenomena by solving the set of 

governing equations describing the fluid dynamics and associated transport processes (if any) 

(Versteeg and Malalasekera 1995). Although, the CFD was initially used in the field of 

aerospace, advancements in the computational resources and modelling approaches have 

resulted in the extensive usage of the same in studying the fluid dynamics associated with the 

various engineering applications during the past three decades (Bakker et al. 2001). CFD 

modelling has several advantages, for example, its ability to provide detailed fundamental 

conceptions which are either experimentally expensive or unobtainable, such as local 

hydrodynamic features, phase distribution, heat and mass transfer rates respectively. 

Moreover, the CFD approach is helpful to avoid scale-up issues which has caused significant 

uncertainties in the design of agitated reactors. Sommerfeld and Decker (2004) have evaluated 

the developments and recent trends in the CFD for analysing the single phase and multiphase 

flows associated with the agitated reactors. Paramount efforts have been attributed in 

developing the CFD models for studying the fluid mixing in the agitated tanks over the past 

two decades. Recently, considerable efforts have been made in developing the CFD models 

for complex phenomena such as solid-liquid suspension (Guha et al. 2008; Montante and 

Magelli 2007), gas-liquid mixing (Kulkarni and Patwardhan 2014; Motamedvaziri and 

Armenante 2012) and mixing of non-Newtonian fluids (Adams and Barigou 2007; Pakzad et 

al. 2008) in the agitated vessels. Although, the CFD approach is an effective tool for 

analysing the flow field characteristics associated with the reactor vessels, accuracy of the 

predictions is affected by various factors such as modelling approach, additional models 

related with the underlying unit processes (such as turbulence model, multiphase model, 

surface tension model, impeller rotation model etc.) and various sources of numerical error. 
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2.3.1 Modelling approach 

There are three modelling approaches with which the governing equations of fluid flow can 

be solved viz., (1) Direct Numerical Simulation (DNS), (2) Large Eddy Simulation (LES) and 

(3) Reynolds Averaged Navier Stokes (RANS) approach respectively. The energy spectrum 

illustrating the turbulence scales which are resolved and modelled in DNS, LES and RANS 

approaches is shown in Figure 2.2.  

 

Figure 2.2: Energy spectrum of turbulence scales handled in various modelling approaches 

(Source: Joshi et al. (2011)) 

In the DNS, continuity and momentum equations of fluid flow are solved exactly without 

using any turbulence modelling closure (Zhang et al. 2017b). Thus, it is possible to analyse 

the fully developed turbulent flow fields up to the micro-scale (Kolmogorov scale) and 

perform highly accurate calculations of the flow and transport processes (Joshi et al. 2011) 

respectively. However, the computational cost associated with the DNS is huge and it is 

impossible to employ this approach for modelling the large scale industrial vessels working 

even at moderate Reynolds numbers (Murthy and Joshi 2008). For example, the mesh size 

required for resolving all the energy containing and energy dissipating eddies in the mixing 

vessels is proportional to   
    

(Joshi et al. 2011). Hence, for the higher turbulent Reynolds 

numbers, the overall grid size becomes prohibitive and excessive computational time as well 
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as storage facilities is necessary for properly modelling the reactor flow fields (Liu 2016). 

Further, the time step for these transient simulations is very small as the temporal resolution is 

governed by the size of energy dissipating scales as compared to the mean flow or energy 

containing eddies (Joshi et al. 2011). Recently, with the advent of superior workstations and 

super computers, DNS approach was attempted by various authors such as Başbuğ et al. 

(2017, 2018), Steiros et al. (2017) and Zhang et al. (2017b) for modelling the reactor vessels 

working mainly in the laminar and transitional regimes. 

In the LES approach, the computational cost of the simulations was reduced by providing 

appropriate treatments for the large scale and small scale eddies. The large scale eddies 

control the mixing and mass transport processes in the reactor vessels and varies according to 

the geometry and flow conditions associated with the reactor vessels. On the other hand, the 

small scale eddies are universal in nature and dissipates the energy transferred from the large 

scale eddies into the fluid contained within the reactor vessel (Joshi et al. 2011). In the LES 

approach, the energy containing (large scale) eddies are properly resolved due to its dynamic 

behaviour while the energy dissipating (small scale) eddies are properly modelled since its 

characteristics are invariant with the geometry and flow conditions in the reactor vessel 

(Murthy and Joshi 2008). The small scale eddies are modelled using sub-grid scale models 

which effectively represent the transfer of energy from large scale eddies to small scale eddies 

(Alcamo et al. 2005). In comparison with the DNS approach, the LES approach requires 

lesser computational cost and storage requirements and provides proper understanding of the 

local hydrodynamic characteristics of the agitated vessels (Joshi et al. 2011). In this regard, 

the LES approach has obtained wide acceptance among the researchers and often employed 

by several scholars such as Alcamo et al. (2005), Delafosse et al. (2008), Hartmann et al. 

(2004), Murthy and Joshi (2008) and Yeoh et al. (2004) for modelling the reactor vessels. 

However, the LES approach requires high resolution grids near the impeller and tank 

periphery so as to resolve the boundary layer gradients and thereby providing accurate 

predictions of turbulent quantities near the impeller and tank periphery respectively. Due to 

the restrictions in the computational facilities, many of the studies couldn‘t provide high 

resolution grids near the impeller and tank periphery and resulted in significant under 

prediction of the turbulent quantities (Gillissen and Van den Akker 2012; Menter 2012). In 

order to improve the computations of wall bounded flows from the LES approach, Detached 

Eddy Simulation (DES) approach was proposed. In the DES, the flow fields near the walls are 

simulated using the RANS approach while that away from the walls are simulated using the 
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LES approach (Lane 2017). This kind of LES-RANS blended scheme was often adopted by 

various scholars such as Gimbun et al. (2012) and Lane (2017) for modelling the agitated 

reactors.  

From a practical point of view, the LES approach can‘t be used as a design tool due to the 

superior computational cost associated with the same. Moreover, the complex geometric 

conditions and high    of flow in the industrial reactor vessels pose difficulties in obtaining 

accurate flow field predictions within an affordable computational cost from the LES 

approach (Murthy and Joshi 2008). Due to these reasons, the RANS approach with adequate 

turbulence modelling closure is widely adopted for designing the reactor vessels by the 

industrial practitioners as well as the research community (Joshi et al. 2011). In the RANS 

approach, the governing equations of fluid flow are ensemble averaged over the entire energy 

spectrum of the reactor vessel, ie, all the turbulence scales present in the reactor vessel are 

modelled. The Reynolds stresses emerging from the ensemble averaging process are modelled 

using various turbulence models (Joshi et al. 2011). Although, the computational cost is 

significantly reduced due to the ensemble averaging process, it is difficult to achieve high 

quality predictions consistently from the RANS approach (Alcamo et al. 2005). However, the 

proper verification of various sources of numerical error was found to provide accurate and 

reliable predictions from the RANS approach (Coroneo et al. 2011) and hence this approach is 

extensively employed for modelling the complex flow pattern transitions (Montante et al. 

2001), homogenization dynamics of the tracer (Coroneo et al. 2011), chemical reaction 

kinetics (Duan et al. 2016, 2018), thermal runaway and short stopping processes (Jiang et al. 

2018; Zhang et al. 2017a) associated with the reactor vessels. 

2.3.2 Turbulence modelling closures in the RANS approach 

The fluctuating velocity components or the Reynolds stresses emerging from the ensemble 

averaging of the governing equations are generally modelled using zero, one or two equation 

turbulence models (Liu 2013). The background and performance of various turbulence 

models employed for modelling the flow fields in the reactor vessels are evaluated in the 

present sub-section and the advantages and limitations of the same are elucidated. 

The standard     model is the most widely adopted turbulence model for analysing the flow 

field conditions associated with the reactor vessels (Deglon and Meyer 2006). This model 

provides transport equations for the turbulent kinetic energy and its dissipation rate for 
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calculating the turbulent viscosity and the Reynolds stresses associated with the fluid flow 

(Joshi et al. 2011). Although, this model assumes isotropic turbulence conditions and spectral 

equilibrium in solving the transport equations of turbulent kinetic energy and its dissipation 

rate, reliable and satisfactory performance obtained at affordable computational cost makes it 

as an attractive tool for the design of the reactor vessels (Joshi et al. 2011; Liu 2016).  

In order to improve the flow field predictions from standard     model, Sahu et al. (1998) 

and Nere et al. (2001) have divided the reactor vessel into various zones based on the distinct 

flow physics and different sets of model parameters associated with standard     model 

were assigned to each zone so as to accurately predict the inhomogeneous flow conditions 

within the reactor vessel. The optimal values of the turbulence model parameters for each 

zone were obtained in a trial and error manner. Moreover, Nere et al. (2001) have formulated 

a new constitutive relationship for the eddy viscosity and obtained superior predictions of the 

various flow field characteristics associated with the reactor vessel. However, these 

approaches involving variations in the values of the turbulence model parameters from the 

standard     model are not recommended as the latter model is tested for wider range of 

fluid flow problems while the former models are applied only for limited range of fluid flow 

problems. Moreover, the studies of Coroneo et al. (2011), Deglon and Meyer (2006) and 

Montante et al. (2001) have exhibited significant improvements in the flow field predictions 

from the standard     model with proper verification of numerical errors related with the 

grid resolution and numerical discretization scheme respectively. Therefore, redundancies in 

the predictions from the standard     model is due to the underlying numerical errors while 

the adjustment of the parameters of the turbulence model just cover up these deficiencies and 

shows improvements in the flow field results (Liu 2016).  

Several modifications in the formulation of the standard     model were attempted by 

various research scholars so as to improve the predictive performance of the same. In the Re-

Normalization Group (RNG)     model, a modified eddy viscosity relationship based on 

the renormalization group theory was applied to obtain accurate predictions of the swirling 

flows within the reactor vessel (Joshi et al. 2011). This model provides effective formulation 

of the turbulence production and dissipation terms as well as the near wall flows within the 

reactor vessel. On the other hand, the realizable     model includes a new formulation of 

turbulent viscosity as well as an improved equation for the transport of turbulence dissipation 

rate based on the mean-squared vorticity fluctuation. This model formulation is capable of 



33 
 

effectively capturing the streamline curvature, rotation and vortices present in the reactor 

vessels (Basavarajappa et al. 2015). However, Jaworski et al. (1997) and Aubin et al. (2004) 

couldn‘t find much improvements in the performance of RNG and realizable     models as 

compared to the standard     model while Jaworski and Zakrzewska (2002) and Montante 

et al. (2001) have obtained poor predictions of turbulence quantities from the RNG and 

realizable     models as compared to the standard     model. 

The multiscale model eliminates the assumption of spectral equilibrium related with the 

standard     model by providing separate transport equations for the turbulent kinetic 

energy of large scale vortices and inertial sub-range eddies respectively apart from the 

transport equation for the turbulence dissipation rate (Placek et al. 1986). This model 

formulation specifies separate time scales for the production and dissipation of turbulence and 

provides adequate prediction of the flow patterns associated with the reactor vessels (Joshi et 

al. 2011). In the Chen-Kim     model, an additional production range time scale is included 

into the transport equation of the turbulence dissipation rate which avoids the overshoot 

behaviour of the turbulent kinetic energy for the flow conditions involving higher values of 

mean strain rate (Chen and Kim 1987). However, the research works of Jaworski and 

Zakrzewska (2002) and Jenne and Reuss (1999) couldn‘t obtain even marginal improvements 

from these turbulence models as compared to the standard     model. Even though, Jenne 

and Reuss (1999) have reported improvements in the flow field predictions from the Chen-

Kim     model after optimizing the underlying model parameters, the optimized Chen-Kim 

    model wasn‘t validated for variety of fluid flow problems related with the reactor 

vessels. 

The wall functions associated with the standard     model provide inferior predictions of 

the flow fields in the near-wall region. In order to resolve this issue, transport equation of the 

turbulence dissipation rate is replaced by the transport equation of the turbulence eddy 

frequency ( ) which has led to the development of     model (Singh et al. 2011). The 

    model has performed well near the wall regions and properly modelled the behaviour 

of flow inside the boundary layers close to the impeller and tank periphery. However, the 

    model provides poor performance away from the walls as the corresponding equations 

are over-sensitive to the free stream conditions (Lane 2017). Menter (1994) has derived the 

Shear Stress Transport (SST) model by combining the     and     models and included 

a turbulence production limiter to accurately calculate the eddy viscosity term arising from 
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ensemble averaging process. Although, the SST model has provided accurate prediction of the 

flow fields involving separation and negative pressure gradients, excess damping of the 

turbulence terms has resulted in inadequate predictions of the turbulence features (Singh et al. 

2011). Menter and Egorov (2005) have formulated the Scale Adaptive Simulation (SAS)-SST 

model in which a turbulence length scale is introduced and the respective value is adjusted to 

obtain proper predictions of the eddy viscosity and turbulence dissipation rate within the 

reactor vessel. The SAS-SST model can provide detailed characterization of turbulent 

structures present in the reactor vessel as the unsteady flow predictions are significantly 

improved with the use of the turbulence length scale (Egorov et al. 2010). Another 

improvement was also applied to SST model for capturing the swirl or curvature in the fluid 

flow by modifying the turbulence production term present in the transport equation of 

turbulent kinetic energy (Lane 2017). Singh et al. (2011) have analysed the performance of 

standard     model, SST model, SAS-SST model and SST model with curvature correction 

for predicting the flow fields associated with the reactor vessel. Although, these models 

provide adequate predictions of mean velocities and trailing vortex patterns, the predictions of 

turbulent kinetic energy and turbulence dissipation rate were found to be inferior as compared 

to the experimental values. Alonzo-Garcia et al. (2019) have also reported insignificant 

improvements with the SST model in predicting the mean and turbulent flow fields as 

compared to the RNG and realizable     models. 

The Reynolds Stress Model (RSM) is an anisotropic turbulence model which provides six 

individual transport equations for the Reynolds stress terms and an additional transport 

equation for the turbulence dissipation rate for modelling the flow fields related with the 

reactor vessels (Jenne and Reuss 1999). The equations of Reynolds stress contain the terms 

related with the flux of Reynolds stress and pressure strain rate which can accurately model 

the streamline curvature, rotational strains and vortex characteristics associated with the 

reactor vessels (Joshi et al. 2011). Even though, the formulation of RSM is appropriate for 

modelling the anisotropic turbulence conditions as well as rotating flows within the reactor 

vessel, this approach wasn‘t much successful in modelling the flow fields associated with the 

reactor vessels. Due to the presence of large number of transport equations, computational 

cost associated with the RSM is much higher than that of the standard     model (Joshi et 

al. 2011; Liu 2016; Murthy and Joshi 2008) and poses difficulties in numerical convergence 

of the solutions (Aubin et al. 2004; Lane 2017). Moreover, the parameters associated with the 

RSM are non-universal in nature (Joshi et al. 2011) and several studies (Bakker et al. 1996; 
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Jaworski and Zakrzewska 2002; Montante et al. 2001; Singh et al. 2011) have reported 

insignificant improvements in the predictions from the RSM as compared to the standard 

    model. In order to reduce the computational difficulties associated with the RSM, an 

alternative turbulence model known as Algebraic Stress Model (ASM) was developed by 

Rodi (1976). The partial differential equations associated with the RSM are converted into a 

set of algebraic equations by suitably approximating the convection and diffusion terms 

present in the same. This transformation reduces the computational cost while keeps the 

anisotropic features of the RSM with the algebraic equations thus derived (Feng et al. 2012). 

Unfortunately, significant reduction in the computational cost wasn‘t achieved for the ASM in 

comparison with the RSM as the Reynolds stress terms are implicitly present in the algebraic 

expressions of ASM. In order to reduce the computational cost of ASM, an Explicit Algebraic 

Stress Model (EASM) was developed by Pope (1975) and later modified by various authors 

(Gatski and Speziale 1993; Sun et al. 2002; Wallin and Johansson 2000). In the EASM, the 

Reynolds stress terms present in the equations are replaced with an algebraic correlation of 

rotation rate, mean strain rate and turbulence characteristics in an explicit manner. The EASM 

has greatly simplified the CFD modelling process and improved the stability of the numerical 

solutions (Feng et al. 2012). Feng et al. (2012) have modelled the anisotropic turbulent flow 

conditions in the reactor vessels using the EASM and compared the respective predictions 

with the predictions from the standard     model, ASM, RSM and LES methods available 

in the literature. Although, the EASM has provided adequate predictions of mean velocities, 

the predictions of random velocity fluctuations and turbulent kinetic energy were similar to 

that obtained from the standard     model. 

The comparative analysis of the performance of various turbulence models illustrate that there 

is no single turbulence model which can provide accurate predictions of the mean and 

turbulent flow fields within a satisfactory computational cost. The standard     model is an 

appropriate choice for modelling the flow conditions in the reactor vessels as it provides 

superior predictions of the mean and turbulent flow fields at an affordable computational cost. 

On the other hand, attempts in improving the accuracy of standard     model have resulted 

in the complex model formulations which have unnecessarily increased the computational 

requirements and numerical issues without producing substantial improvements in the flow 

field predictions from the standard     model. 
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2.3.3 Modelling of multiphase flows in reactor vessels 

The multiphase flow regimes associated with the reactor vessels can be classified into three 

categories such as gas-liquid flows, liquid-solid flows and solid-liquid-gas flows respectively. 

The multiphase flow emphasizes the presence of a single or multiple materials which make 

adequate interaction and inertial response with the flow as well as with the potential field 

within which the same are immersed. The dynamics of multiphase flows in the reactor vessels 

is analysed using two approaches in the CFD viz. Euler-Euler approach and Euler-Lagrange 

approach respectively. 

In the Euler-Euler method, the continuity and momentum equations corresponding to each 

phase of the system under consideration are coupled using empirical constitutive relationships 

and are solved to obtain the flow and transport characteristics associated with the system. In 

this method, different phases present in the system are considered mathematically as 

interpenetrating continua and the theory of phase volume fraction is adopted. The volume of 

each phase present in the system doesn‘t vary during the simulations and the sum of the 

volume fraction of all the phases is equal to unity. This method is widely preferred for 

modelling the flow and mass transfer processes associated with the various industrial reactor 

vessels (ANSYS 2013). 

In the Euler-Lagrange method, the conservation (or Navier-Stokes) equations are solved in the 

fluid phase of the system while the dispersed phase is modelled by tracking the large number 

of droplets, particles and bubbles which move through the flow field thus calculated. The 

dispersed phase exchanges the mass, momentum and energy with the fluid phase. However, 

this method can be adopted only when the dispersed phase comprises of negligible volume 

fraction in the system although high mass loading of the same is permitted. The particle or 

bubble or droplet trajectories are calculated separately during the calculations of the fluid 

phase at specified intervals. This method is suited for modelling the particle laden flows, 

spray dryers and coal or liquid fuel combustion while unsuitable for modelling the liquid-

liquid dispersions, fluidized beds and any other applications in which the volume fraction of 

the dispersed phases can‘t be ignored (ANSYS 2013). 

The Euler-Euler multiphase models are classified into three categories such as Volume of 

Fluid (VOF) model, mixture model and Eulerian model respectively. 
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(1) Volume of Fluid (VOF) model: The VOF model solves a single set of momentum 

equations to model the volume fraction of each phase in the entire domain of the vessel as 

well as the location of different phases considered for the analysis (Kulkarni and Patwardhan 

2014). Thus, the VOF model is highly suitable for tracking the position of interface between 

different phases and widely adopted by various researchers (Haque et al. 2006; Kulkarni and 

Patwardhan 2014; Mahmud et al. 2009; Yamamoto et al. 2019; Zhang et al. 2018) for 

analysing the characteristics of air-liquid interface (shape, location, extent) associated with 

various geometric configurations of the reactor vessels. The computational mesh for the VOF 

method is fixed in nature and this method is applied for the problems involving more than two 

immiscible fluids (ANSYS 2013). The VOF method is again divided into explicit scheme and 

implicit scheme respectively. The implicit scheme solves a standard scalar transport equation 

for each of the dispersed phases in an iterative manner at each time step to obtain the volume 

fraction values at the current time step. On the other hand, the explicit scheme doesn‘t require 

such iterative solutions of the scalar transport equation at each time step since the volume 

fraction values of the previous time step are adopted in the interpolation schemes. 

(2) Mixture model: The mixture model is adopted to analyse the multiphase systems in 

which the different phases move at different velocities and a local equilibrium is assumed to 

exist over the short spatial length scales. The mixture model solves the continuity, momentum 

and energy equations for the mixture, volume fraction equations for the phases present in the 

system and the algebraic equations for the relative velocities associated with the various 

phases. The mixture model is an effective alternative for the full Eulerian model for various 

engineering applications. A full Eulerian multiphase flow model isn‘t feasible in the 

applications involving wider distribution of particulate phases, inadequate knowledge 

regarding the interphase laws and unreliable formulation of the interphase laws. The mixture 

model has the simplified formulation among the various multiphase models and often used to 

compute the non-Newtonian viscosity. The mixture model is mainly applied to analyse the 

bubbly flows, particle laden flows and sedimentation process associated with the various 

industrial systems (ANSYS 2013). 

(3) Eulerian model: In the Eulerian model, continuity and momentum equations 

corresponding to each phase of the system are coupled using pressure and interface exchange 

coefficients and solved to obtain the underlying flow and transport characteristics. The 

Eulerian model is the most complicated formulation among the various multiphase models. 
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The exchange of momentum between the phases and the way of coupling of governing 

equations are different for the liquid-solid and liquid-liquid flows respectively. The Eulerian 

model is mainly applied to analyse the flow and transport conditions associated with the 

bubble columns and fluidized bed reactors respectively (ANSYS 2013). 

2.3.4 Verification of numerical errors 

A mathematical model represents a physical system in terms of a set of partial differential 

equations, allied auxiliary equations along with the proper boundary conditions and initial 

conditions respectively. In scientific computing, it is necessary to find approximate solutions 

to the mathematical model by discretizing the domain of the system as well as the underlying 

model equations. The approximation errors related with the discretization process are known 

as the discretization errors (Roy 2010). The discretization error emerges from the interplay 

between the grid resolution, numerical discretization scheme adopted, quality of grid and type 

of elements used for discretizing the geometry. The discretization error is the largest source of 

numerical error as compared to the other sources such as round-off error and statistical 

sampling error respectively (Phillips and Roy 2011). The discretization error is basically 

classified into two categories such as apriori estimates and posteriori estimates respectively. 

In the apriori method, approximate bounds on the solution derivatives are determined by 

relating the truncation error with the discretization error through discretization error transport 

equation (Cavallo et al. 2008; Celik and Hu 2004). However, the error bounds obtained from 

this method are usually much higher than the true discretization error and hence this method is 

not popular for quantifying the numerical discretization error (Roy 2010). A posteriori method 

is widely used for quantifying the discretization error associated with the various applications 

based on the solutions obtained from the numerical simulations along with the necessary 

additional information. The discretization error is computed relative to the exact solution of 

the mathematical model (Roy 2010). A posteriori estimates are again divided into two 

categories such as higher order methods and residual methods respectively. In the higher 

order method, solution with higher formal order of accuracy as compared to the underlying 

solutions is determined and considered as the exact solution of the mathematical model for 

quantifying the numerical error (Phillips and Roy 2011). In the residual method, detailed 

knowledge regarding the discretization error is obtained by incorporating the specific 

information related with the problem under consideration in the error estimates (Roy 2010). 

The higher order methods are widely adopted since the residual methods are code intrusive 
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and difficult to implement for the practical engineering applications (Phillips and Roy 2014). 

The Richardson extrapolation is the popular higher order method which is widely adopted and 

often recommended by the American Society of Mechanical Engineers (ASME) and the 

American Institute of Aeronautics and Astronautics (AIAA) for quantifying the discretization 

error (Xing and Stern 2010). 

The discretization error is defined as the difference between exact solution to the 

mathematical model and exact solution to the discrete algebraic equations. The discretization 

error decreases with the grid refinement process. The theoretical rate of decrease of 

discretization error with the systematic grid refinement is known as formal order of accuracy 

of the numerical discretization scheme (Phillips and Roy 2013). In the Richardson 

extrapolation method, discrete solutions from two systematically refined grids which are in 

asymptotic range and order of accuracy of the numerical discretization scheme were used to 

calculate the discretization error (Phillips and Roy 2014). However, it is very difficult to 

obtain the discrete solutions which are in asymptotic range for the practical engineering 

applications which leads to unreliable discretization error estimates from the Richardson 

extrapolation method (Phillips and Roy 2014). In order to overcome this issue, absolute value 

of discretization error obtained from the Richardson extrapolation is considered as an 

uncertainty estimate which is multiplied by a factor of safety and specified as an error band 

for the solutions obtained from finer grids (Phillips and Roy 2011). The Grid Convergence 

Index (GCI) (Roache 1994) is the widely accepted method for this purpose in which the 

discretization error from any grid refinement study is converted into an equivalent uncertainty 

estimate which would have been obtained if the underlying grids are systematically refined. 

Roache (1994) has developed the uncertainty estimate based on the concept that doubling the 

number of grid elements (or halving the size of each element) with a second order accurate 

numerical discretization scheme can provide flow field solutions within the asymptotic range 

of convergence. The GCI produces reasonable error bars for the fine grid solutions obtained 

from the grid independence studies. That means, the GCI provides a level of confidence or 

certainty (mostly 95%) with which the fine grid solution is related to the true solution in 95% 

of cases. The indication of such level of confidence in the CFD simulations is the major goal 

associated with the grid independence studies (Roache 2003). In the GCI method, factor of 

safety is decided according to the knowledge of nearness to the asymptotic range of 

convergence of the flow field solutions (Phillips and Roy 2013). Roy (2010) has provided 

explicit guidelines for selecting the factor of safety so as to avoid infinite or unreasonably 
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smaller GCI estimates. Several other formulations have been developed to determine the 

factor of safety for calculating the GCI in the literature such as global averaging method 

(Cadafalch et al. 2002), Correction Factor method (Stern et al. 2001), Factor of Safety method 

(Xing and Stern 2010) and Least Squares method (Eça and Hoekstra 2009) respectively. 

However, these formulations were tested for limited number of problems and their 

applicability to the complex engineering problems needs to be studied further. 

The analyses of discretization error associated with the flow fields of the agitated reactor 

vessels aren‘t popular among the research community. Although, the grid independence study 

has been performed by most of the researchers, these studies lack uniformity in analysing the 

performance of various grids and reporting of the results from the same. In other words, grid 

independence studies in the literature are not performed in a systematic manner and the 

corresponding results are reported in an inconsistent and confusing manner (Roache 1994). 

The systematic and uniform reporting of grid independence studies requires quantification of 

discretization error or uncertainty associated with the various flow field variables. The GCI is 

the most popular method for quantifying the numerical uncertainty related with the various 

engineering applications (Freitas 2002; Roy 2010). However, few scholars have only 

determined the numerical uncertainty of reactor flow fields in terms of GCI. Coroneo et al. 

(2011) have quantified the GCI associated with the global flow quantities such as power 

number based on torque of rotating or stationary walls (   ), power number based on overall 

turbulence dissipation rate (   ) and    respectively. The GCI of these flow quantities were 

found to decrease with increase in the grid resolution. Moreover, this study has concluded that 

accurate and numerically converged predictions of turbulent flow fields can be obtained with 

high resolution or finer grids while the same for mean velocity fields,     and    can be 

achieved with low resolution or coarser grids. Karimi et al. (2012) have used the GCI for 

quantifying the numerical uncertainty associated with the tangential and axial velocities of the 

hydrocyclone and concluded that the GCI is a methodical and practical tool for building 

confidence in the CFD predictions. Alonzo-Garcia et al. (2019) have also quantified the GCI 

of     associated with the reactor configurations discretized using Cut-Cell and tetrahedral 

grid schemes respectively so as to determine the optimal grid scheme for discretizing the 

reactor vessel. These studies have mainly quantified the GCI associated with the mean flow 

quantities while the same related with the local turbulent flow fields weren‘t determined. 

However, the numerical convergence of local turbulent flow fields is much difficult as 



41 
 

compared to the mean flow fields (Roy 2010) and hence it is more important to quantify the 

GCI associated with local turbulent flow fields as compared to the mean flow fields so as to 

properly fix the adequate grid resolution for the modelling purposes. Moreover, the error 

bands associated with the predictions from the CFD models of reactor vessels weren‘t 

provided by any of the scholars although it is the main purpose of the grid independence 

studies. 

The accuracy of the CFD predictions is also linked with the type of numerical scheme adopted 

for discretizing the underlying partial differential equations (Aubin et al. 2004). The 

comparative analyses of the performance of various discretization schemes done by Aubin et 

al. (2004), Coroneo et al. (2011) and Deglon and Meyer (2006) indicate that the first order 

upwind scheme significantly under predicts the turbulent kinetic energy and its dissipation 

rate while the higher order schemes such as second order upwind, central differencing and 

Quadratic Upstream Interpolation for Convective Kinematics (QUICK) schemes provide 

much better prediction of the same. However, the prediction of mean flow fields were 

unaffected by the type of the discretization scheme. Lane (2017) and Singh et al. (2011) have 

employed a high resolution discretization scheme for the discretization of the convective 

terms present in the governing equations of fluid flow. However, the efficiency of third order 

Monotone Upstream-Centered Schemes for Conservation Laws (MUSCL) scheme and 

convection-diffusion based Power-law scheme in predicting the mean and turbulent flow 

fields associated with the reactor vessels haven‘t been evaluated till now and the same needs 

to be studied further for possible improvements in the accuracy of CFD predictions. 

The predictions from the RANS approach are also affected by the type of elements used for 

discretizing the domain of the agitated reactors. Majority of the studies have adopted the 

structured or unstructured hexahedral elements for discretizing the computational domain of 

the agitated vessel. The generation of structured grids comprising of hexahedral elements 

requires considerable efforts and time while the unstructured grids consisting of tetrahedral 

elements can be generated in a faster manner even for complex geometric configurations of 

the reactor vessel (Longest and Vinchurkar 2007). The structured grids provide accurate flow 

field predictions whereas the unstructured grids increase the numerical diffusion error 

resulting in inferior prediction of the reactor flow fields (Longest and Vinchurkar 2007). 

Alonzo-Garcia et al. (2019) have compared the performance of two unstructured grid schemes 

viz., cut-cell and tetrahedral grid schemes in modelling the flow fields associated with the 
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reactor vessel agitated using the PBT impeller. They have found that the predictions from the 

cut-cell grid scheme are better than that obtained from the tetrahedral grid scheme. Longest 

and Vinchurkar (2007) and Vinchurkar and Longest (2008) have observed that it is necessary 

to develop hybrid grid schemes by combining the tetrahedral and hexahedral elements for 

effectively modelling the reactor flow fields at less computational cost. Thus, the comparative 

study of the performance of various grid types in modelling the agitated vessels is required. 

From the review of literature, it can be inferred that the RANS approach with standard     

model closure is an efficient tool for effective modelling of the flow field characteristics 

associated with the reactor vessels at less computational cost. The numerical errors arising 

from grid resolution, numerical discretization scheme and type of elements adopted for 

discretizing the reactor domain considerably affect the accuracy and numerical convergence 

of the flow field predictions. Apart from the routine grid independence studies, discretization 

error or numerical uncertainty associated with the various flow fields weren‘t quantified in a 

systematic manner in the literature. Similarly, the performance of hybrid grids as well as the 

MUSCL and power-law numerical discretization schemes needs to be evaluated to select the 

appropriate grid and numerical discretization scheme for the accurate prediction of various 

flow field quantities. 

2.3.5 Impeller modelling approaches 

Impeller modelling schemes are necessary for simulating the relative movement between the 

rotating impeller and stationary periphery of the tank. The impeller modelling schemes are 

basically classified into steady state and unsteady state approaches. The steady state approach 

include Impeller Boundary Condition (IBC) method (Ranade and Joshi 1990), Source Sink 

(SS) method (Pericleous and Patel 1987), Inner-Outer (IO) method (Brucato et al. 1994), 

Multiple Reference Frame (MRF) method (Luo et al. 1994) and Snapshot method (Ranade 

and Dommeti 1996) respectively. In the IBC method (Gosman et al. 1992; Kresta and Wood 

1991; Ranade and Joshi 1990), experimentally measured velocity and turbulence fields are 

provided as boundary conditions at a selected surface around the impeller. As a result, flow 

field characteristics within the impeller swept region can‘t be obtained. The variations in the 

geometry or flow conditions of the reactor vessel necessitate the corresponding experimental 

measurements of velocity and turbulent flow fields for the modelling purposes. Due to these 

reasons, IBC method isn‘t presently used for modelling the reactor vessels. In the SS 
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approach (Pericleous and Patel 1987; Xu and McGrath 1996), impeller is considered as the 

source of momentum while the baffles are considered as the sinks of momentum. The blades 

are divided into number of vertical strips from disc region to the tip of impeller blades. Each 

strip is considered as an aerofoil and the aerodynamics of the aerofoil is solved in each strip to 

obtain flow fields in the reactor vessel. However, this method is not widely applied by various 

researchers for modelling the reactor vessels. In the IO method (Brucato et al. 1994) and MRF 

method (Luo et al. 1994), the reactor vessel is divided into an inner zone containing impeller 

and an outer zone containing tank and baffle walls respectively. The interface (or boundary) 

between the inner and outer zones are partially overlapped for IO method while no 

overlapping is provided in the case of MRF method. The typical diagram showing the rotating 

and stationary zones associated with the reactor vessel is illustrated in Figure 2.3.  

In the IO method, governing equations are solved in a rotating frame of reference in the inner 

zone using arbitrary boundary conditions applied on its boundary and the resulting flow fields 

are transferred to the inner boundary of the outer zone for computing the flow fields in the 

outer zone using the black box approach. The new flow fields at the inner boundary of outer 

zone are used as the boundary conditions for computing the flow fields in the inner zone in 

the next iteration. This iterative process is continued till the system achieves satisfactory 

numerical convergence. 

 

Figure 2.3: Rotating and stationary zones in the computational domain considered for the 

modelling purposes  

     (Source: Liu (2013)) 
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In the MRF method, governing equations are solved in a rotating frame of reference in the 

inner zone and the resulting flow fields are used as the boundary conditions for computations 

in the outer zone in a stationary frame of reference. The new flow fields from the outer zone 

are used as the boundary conditions for the computations in the inner zone and this process is 

continued until the system achieves adequate numerical convergence. Since the frames of 

reference of inner and outer zones are different, solutions which are iteratively exchanged 

between both the zones are corrected for the relative movement between impeller and baffles 

and azimuthally averaged over the boundary separating both the zones in the IO and MRF 

methods. The MRF and IO methods provide appropriate modelling of the impeller rotation 

and the former method is computationally less intensive as compared to the latter method and 

widely adopted for modelling the reactor vessels (Joshi et al. 2011). In the snapshot approach 

(Ranade and Dommeti 1996), time derivative terms present in the inner zone are converted 

into spatial derivative terms and added to the source term present in the governing equations 

of fluid flow. Since, the time derivative terms associated with the outer zone are weak, the 

corresponding terms are neglected in the governing equations of fluid flow. Moreover, 

additional mass source and sink terms are included in the computational cells near the 

impeller so as to simulate the rotation effects of the impeller. However, this method is not 

properly validated for various types of fluid flow problems and hence not widely preferred for 

modelling the reactor vessels. 

The unsteady approach for modelling the impeller rotation include Sliding Mesh (SM) 

method (Luo et al. 1994), Moving deforming grid technique (Perng and Murthy 1994) and 

Adaptive Force Field Technique (AFT) (Joshi et al. 2011) respectively. In the SM method 

(Luo et al. 1994; Murthy et al. 1994), the reactor vessel is divided into an inner domain 

containing impeller and an outer domain containing tank and baffle walls respectively. The 

inner and outer domains of the vessel are gridded separately as a block. The grid associated 

with the outer domain is considered as fixed while that associated with the inner domain is 

assumed to rotate with the speed of impeller. The rotation of the inner domain is incorporated 

into the model by explicitly adding the acceleration terms due to the rotation of the impeller 

into the momentum equations. The solutions from both the domains are corrected for the 

relative movement between the impeller and tank periphery, interpolated and coupled at the 

interface separating both the domains using the sliding grid algorithm. In the moving 

deforming grid technique (Perng and Murthy 1994), a single grid is employed for the rotating 

and stationary parts. The grid near the impeller is deformed according to the rotation of the 
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impeller and the deformation is further extended from impeller to the periphery of the reactor 

vessel. The grid is continuously deformed during the calculations until the minimum 

prescribed grid quality is achieved. Thereafter, the grid is restored back to its original form 

before the commencement of further simulation and the properties of the deformed grid are 

transferred to the restored grid in a conservative manner. Although, the concept of this 

technique properly accounts the impeller baffle interactions, computational requirements to 

maintain the necessary quality of the grid and to reduce the numerical error arising from such 

poor quality grids is enormous. The computational cost associated with this method is highest 

among the various impeller modelling approaches. In the AFT method (Joshi et al. 2011), the 

fluid is assumed as a system consisting of large number of particles and each particle occupies 

a corner of a lattice. The conservation equations of mass and momentum are solved for each 

particle so as to obtain the flow field characteristics in the reactor vessel. The impeller, baffle 

walls and tank periphery are described using a set of control points on their periphery. The 

tangential velocities of the control points on the impeller surface depends on the impeller 

speed while that on the baffle walls are zero. At each time step, force field in the reactor 

system is computed in such a way that the difference between the calculated and prescribed 

tangential velocities in the control points of the impeller and baffle walls is minimal. This 

method doesn‘t uses grid for the computational purposes and the new designs can be easily 

developed by adjusting the control points. Although, this method provides accurate prediction 

of flow fields in the reactor vessel, huge computational cost associated with the same makes it 

unsuitable for most of the practical engineering problems.  

Among these impeller rotation models, SM method is an effective tool for analysing the time 

varying flow fields associated with the reactor vessels. On the other hand, this method 

demands excessive computational requirements in terms of higher simulation time, storage 

facilities and computer memory (Coroneo et al. 2011). This fact in turn provides restrictions 

in the computational cells to be used for the simulations and decreases the quality of the flow 

field predictions. Moreover, proper care needs to be provided to avoid numerical issues 

arising from interpolation procedure as well as rotating grid at the interface separating both 

the domains (Joshi et al. 2011). These reasons make the SM method less attractive as a tool 

for designing the industrial reactor vessels. Moreover, various research works (Aubin et al. 

2004; Coroneo et al. 2011; Deglon and Meyer 2006; Wechsler et al. 1999) have reported that 

the predictions from the SM and MRF methods are highly comparable and the computational 
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cost of the latter method is much lower than that from the former method. Hence, the MRF 

method became a popular choice for modelling the industrial reactor vessels. 

The position of MRF boundary separating the inner and outer zones is a crucial parameter 

which affects the accuracy of the flow field predictions in the reactor vessel. The 

transformation of velocity fields from inner zone to outer zone as well as from outer zone to 

inner zone occurs at the MRF boundary and hence its location or position significantly affects 

the numerical convergence and accuracy of the flow field predictions (Remaki et al. 2017). 

Although, the position of MRF boundary significantly affects the accuracy of the CFD 

predictions, there is no any clear-cut idea regarding the proper position of the same which 

produces accurate prediction of the flow field quantities. Majority of the studies have 

considered engineering judgements while selecting the MRF boundary and only few scholars 

have addressed the issue in a scientific manner. The studies of Brucato et al. (1998), Joshi et 

al. (2011), Luo et al. (1994) and Ochieng et al. (2008) have suggested to provide the MRF 

boundary at a location having minimum spatial and temporal variations of the flow field 

variables while Bartels et al. (2000), Coroneo et al. (2011), Deglon and Meyer (2006) and 

Wechsler et al. (1999) have assumed the extent of vortex and turbulence activity around the 

impeller as the MRF extents for modelling the flow fields in the stirred tank reactors. 

Norouzi-Firouz et al. (2018), Oshinowo et al. (2000), Patil et al. (2021), Shi and Rzehak 

(2018) and Zadravec et al. (2007) have varied the position of the MRF boundary and 

determined the optimal position of the same. Oshinowo et al. (2000) have kept the MRF 

boundary at the mid-way between impeller and baffle walls while Zadravec et al. (2007) and 

Norouzi-Firouz et al. (2018) have concluded to provide larger MRF boundaries for accurate 

predictions of the flow field variables. The conclusions from these studies are mutually 

contradicting in nature and needs further investigations to clarify this issue. Moreover, the 

recommendation of larger MRF boundary for modelling the impeller rotation by Zadravec et 

al. (2007) and Norouzi-Firouz et al. (2018) is technically incorrect as the researchers can 

adopt the tank periphery as the MRF boundary. But the MRF boundary should be located at a 

suitable position between the impeller and tank periphery for the proper transformation of the 

flow fields from the inner zone to the outer zone (Remaki et al. 2017). Apart from the above 

mentioned drawbacks in the literature, majority of the studies have considered the standard 

reactor configuration for determining the optimal extents of the MRF boundary. However, it 

is necessary to determine the optimal MRF extents for the non-standard reactor configurations 

which are either of research interest or widely used for the practical engineering applications. 
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Since the position of MRF boundary is sensitive to the geometric configuration, it is 

expensive to perform a series of numerical simulations for determining the optimal position of 

the same for various non-standard configurations of the reactor vessel. In this scenario, it is 

necessary to develop a generalized criterion for selecting the optimal position of the MRF 

boundary for any configuration of the reactor vessel agitated using any type of impeller. 

2.4 Summary of review of literature and research gaps 

From the comprehensive review of literature, it was found that the geometric and dynamic 

parameters of the reactor vessel affect the underlying flow field characteristics. The double 

loop pattern associated with the standard reactor vessel changes into single loop pattern with 

significant reduction in    under low and high clearance conditions respectively. Past studies 

have determined the critical impeller clearance causing such flow pattern transition and 

analysed the flow field characteristics associated with the standard, low and high clearance 

vessels respectively. However, physical reasons causing double loop to single loop pattern 

transition and consequent reduction in the    still remain as mystery among the research 

community. The high clearance vessels provide significant oxygen transfer into the reactor 

vessel and hence employed as surface aerators in the wastewater treatment plants. The past 

studies have evaluated the geometric and dynamic conditions of the vessel suitable for the 

surface aeration process and the flow field characteristics related with the respective 

configurations. However, the physical reasons causing surface aeration under various 

geometric and dynamic conditions of the vessel aren‘t properly explored in the literature. 

Similarly, flow field characteristics in a reactor vessel under various    of flow were analysed 

while the physical reasons causing variations in the performance goals with variations in the 

  and   aren‘t elucidated. Moreover, it is necessary to determine the optimal     and     

required for achieving superior mixing conditions in the reactor vessels since a contradiction 

is persisting in this issue among the literature. Although, the effect of 
 

 
 and    of flow on the 

reactor flow fields were widely analysed in the literature, the effect of 
 

 
,     and     on the 

reactor flow fields aren‘t properly investigated so far which is necessary for optimal design of 

the aeration tanks. Therefore, the physical reasons causing variations in the power number, 

oxygen transfer and mixing performance with variations in the geometric and dynamic 

parameters of the reactor vessels weren‘t analysed so far. Such kind of analyses is extremely 

important for designing the optimal configurations of the reactor vessels (Başbuğ et al. 2018). 
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In other words, proper understanding of the linkage between the tank parameters, flow field 

characteristics and performance goals (power number, mixing and oxygen transfer) is the 

starting step for the design of the reactor vessels (Joshi et al. 2011; Karpinska and Bridgeman 

2016). 

The CFD is an efficient tool for the detailed characterization of mean and turbulent flow fields 

associated with the reactor vessels. The RANS approach with standard     model is an 

attractive tool for the design of reactor vessels since accurate predictions of flow field 

variables can be obtained at affordable computational cost. The numerical errors arising from 

grid resolution, numerical discretization scheme and grid type need to be properly minimized 

to obtain accurate predictions from the standard     model. Although, the grid 

independence study of the flow fields were performed by various researchers, discretization 

error or numerical uncertainty associated with the same weren‘t quantified in a systematic 

manner. Similarly, the performance of hybrid grid schemes as well as numerical discretization 

schemes such as MUSCL and power-law schemes need to be analysed. The pseudo-steady 

MRF method is widely adopted for modelling the impeller rotation as it provides accurate 

flow field predictions at lesser computational cost in comparison with the unsteady SM 

method. However, the literature didn‘t provide a clear-cut idea regarding the selection of 

optimal position of MRF boundary and it is necessary to develop a generalized criterion for 

obtaining the optimal position of the MRF boundary for non-standard configurations of the 

reactor vessels. Finally, the flow field predictions after the numerical verification process 

from the RANS approach with standard     model closure need to be validated by 

comparing the same with the corresponding results from the experimental approach as well as 

from the other complex turbulence models respectively. 

2.5 Objectives 

Based on the research gaps extracted from the comprehensive literature review, the following 

objectives are proposed for the present research work. 

(1) To determine the optimal grid resolution, discretization scheme and type of grid for 

the development of CFD model of surface aeration tank 

(2) To develop a generalized criterion for selecting the optimal extents of MRF boundary 

for any tank geometry agitated using any type of impeller 
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(3) To determine the optimal     as well as     for obtaining the optimal mixing 

performance of the surface aeration tanks  

(4) To determine the physical reasons causing variations in the flow patterns and 

performance goals with the variations in the geometric and dynamic parameters of the 

tank such as 
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Chapter 3 

Computational Methodology 

3.1 Introduction 

As discussed in the Chapters 1 and 2, energy efficient design of the surface aeration tank 

requires detailed knowledge regarding the relationships between the tank parameters, flow 

field characteristics and performance goals. The significant developments in the computer 

resources and model algorithms in the past two decades have led to widespread usage of the 

CFD technique for analyzing the flow field characteristics associated with the reactor vessels 

(Aubin et al. 2004; Joshi et al. 2011). Moreover, the CFD technique needs lesser time, man 

power and expenses for obtaining the flow field results as compared to the experimental 

techniques (Iyer and Patel 2022). Although, the CFD approach has distinct advantages over 

the experimental techniques, the reliability and accuracy of the underlying methodology 

should be carefully evaluated so as to enhance the confidence in the flow field predictions 

(Oberkampf and Trucano 2002). The present chapter discusses the details regarding the 

modelling approach, impeller rotation model, boundary conditions, numerical discretization 

schemes, computational grids and various performance goals adopted for the present research 

work. Further, the procedures employed for evaluating the reliability and accuracy of the CFD 

predictions and the aeration tank configurations used for the flow field analysis are also 

described in this chapter. 

3.2 Overview of CFD modelling process 

The CFD modelling consists of three stages such as pre-processing, solver and post-

processing respectively. The pre-processing stage comprises of creating the geometry of the 
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surface aeration tanks, discretizing the geometric configurations of the tank into number of 

smaller volumes, selecting the appropriate governing equations to be solved and specifying 

the fluid properties, boundary conditions and initial conditions associated with the problem 

under consideration. The governing equations of flow and transport processes along with the 

boundary conditions and initial conditions are solved in a numerical manner in the second or 

solver stage. The post-processing stage is concerned with the analysis of the results obtained 

from the second stage so as to arrive at the conclusions. The flow field results from the second 

stage are extracted in the form of graphs or images or various kinds of plots for the further 

detailed analysis. The flow chart illustrating the CFD modelling process is shown in Figure 

3.1. 

 

Figure 3.1: General flow chart of CFD process 

The reliability and accuracy of the CFD methodology is evaluated using the Verification & 

Validation (V&V) process (AIAA 1998; Oberkampf and Trucano 2002). For this purpose, a 

reactor vessel configuration which is experimentally investigated in the literature (Wu and 
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Patterson 1989) is modeled using the CFD technique. Initially, a series of CFD simulations 

needs to be performed by increasing the resolution of the computational grid and employing 

the higher order discretization schemes until significant variations aren‘t observed in the flow 

field predictions (Coroneo et al. 2011; Deglon and Meyer 2006). This process is known as 

numerical verification process which determines the exact solutions or near exact solutions of 

the governing equations solved in the CFD model (Roy 2010). In order to ensure whether the 

discretized equations replicates the actual flow physics associated with the reactor vessel, the 

flow field predictions from the CFD model are compared with the corresponding 

experimental results (Roache 1998). The superior matching of the experimental and CFD 

results indicates that the CFD methodology is validated and the same can be confidently 

employed for analyzing the reactor vessel configurations which aren‘t investigated so far 

using the experimental techniques (Oberkampf and Trucano 2002). The inadequate matching 

of the experimental and CFD results necessitate careful evaluation of the underlying 

modelling approach and turbulence model closures adopted for the modelling process. 

3.3 CFD methodology  

The details of the computational methodology adopted for the present research work are 

explained in the sub-sections given below. 

3.3.1 Modelling approach 

The three dimensional steady and unsteady CFD simulations were performed using the 

commercially available ANSYS Fluent software (17.0 version) founded on the finite volume 

discretization method. The ANSYS Fluent is the major commercial CFD code which is 

extensively used and validated for wide range of natural and engineering problems. Several 

research works (Basavarajappa et al. 2015; Coroneo et al. 2011; Deglon and Meyer 2006; 

Kulkarni and Patwardhan 2014) have adopted this software for modelling the reactor vessels 

and have obtained accurate predictions of the mean and turbulent flow fields from the same. 

The usage of commercial software has considerably decreased the efforts and time required 

for modelling even the complex systems and hence received wide attention from the research 

community as well as from the industrial practitioners. 
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The RANS equations corresponding to the incompressible fluid flow under turbulent 

conditions were solved to obtain the flow field characteristics associated with the surface 

aeration tanks. The standard     model which is widely adopted as the closure condition for 

the Reynolds stress terms emerging from the Reynolds averaging of the Navier-Stokes 

equations (Coroneo et al. 2011; Deglon and Meyer 2006; Montante et al. 2001) was 

considered for the present research work. The present study has considered the pure water (   

of 1000 Kg/m
3
 and dynamic viscosity of 0.001 Ns/m

2
) and air at standard conditions as the 

working fluids for the numerical simulations. The Navier-Stokes equations with standard 

    model closure was solved under single phase condition (water as the working fluid) as 

well as multiphase condition (air and water as working fluids) respectively. The single phase 

simulations of the surface aeration tanks were carried out under steady state conditions while 

the multiphase simulations of the same were carried out under the unsteady state conditions 

respectively. The Reynolds averaged continuity and momentum equations which are 

expressed in the Cartesian tensor form (ANSYS 2013) are given in the equations 3.1 and 3.2 

respectively. 
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Where    is the density of fluid (  represents the phase under consideration),   is the velocity 

of flow,   is the pressure,   is the viscosity of fluid,     is the Kronecker delta (      if 

    and       if     ),      
    ̅̅ ̅̅ ̅̅  is the Reynolds stress,    is the surface tension force,    

is the body force and    is the gravitational force. The term   specifies time,   represents the 

spatial coordinate and the subscripts       indicate the three coordinate directions 

respectively. 

The Reynolds stress present in the equation 3.2 contains the product of fluctuating velocity 

terms which is converted into the mean velocity gradients using the Boussinesq hypothesis 

(ANSYS 2013) as given in the equation 3.3. 
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Where    is the turbulence viscosity which is calculated using one or two equation turbulence 

models. In the standard     model,    is represented as the function of turbulent kinetic 

energy ( ) and turbulence dissipation rate ( ) as given in the equation 3.4 and the additional 

transport equations for calculating the   and   are given in the equations 3.5 and 3.6 

respectively. 
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Where    and    are turbulent Prandtl numbers,    and    indicate the generation of 

turbulent kinetic energy from mean velocity gradients and buoyancy respectively. The    

specifies the contribution of fluctuating dilatation in compressible turbulence to the overall 

turbulence dissipation rate. The    and    are the user defined source terms while    ,    , 

    and    are the model constants. The default values of these model constants were found 

out from the experiments of fundamental turbulent flows including various types of shear 

flows such as boundary layers, jets and mixing layers and the corresponding values are given 

below. 

   =1.44,    =1.92,   =0.09,   =1.0 and   =1.3 

These values of model constants have worked well for various types of turbulent flows 

(ANSYS 2013) and hence adopted for the present research work. 

The term    comprises of coriolis and centrifugal forces which are generated due to the 

rotation of the impeller and the expression for the same is given in the equation 3.7. In the 

present research work, the impeller rotation was modelled using the pseudo steady MRF 

method as it produces highly similar flow field predictions at a lesser computational cost as 

compared to unsteady SM method (Aubin et al. 2004; Wechsler et al. 1999). Although, the 

MRF method was initially developed for modelling the steady state flow conditions in the 

stirred tanks, it was later upgraded for modelling the transient flow features associated with 
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the same (Brucato et al. 1998). The term    is considered for the calculations only when the 

governing equations are solved in a rotating frame of reference in the MRF method. 

   (        )  (     *   +)                                            (3.7) 

Where   is the angular speed of the impeller. 

The water and air are regarded as the primary and secondary (dispersed) phases respectively 

for the numerical simulations. The present research work has employed the VOF model (Hirt 

and Nicholas 1981) for capturing the air-water interface and the distribution of air fraction in 

the vessel during the surface aeration process. The VOF model is a famous interface tracking 

method which is widely adopted for modelling the entrainment of air into the reactor vessels 

(Kulkarni and Patwardhan 2014; Yamamoto et al. 2019). The interfaces between the different 

phases are tracked by solving an additional continuity equation for the volume fraction of 

each phase under consideration. The continuity equation for the volume fraction of q
th

 phase 

is given in the equation 3.8.  
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Where  ̇   is the mass transfer from p
th

 phase to q
th

 phase,  ̇   is the mass transfer from q
th 

phase to p
th

 phase,     is the mass source term for each phase,    is the volume fraction of q
th

 

phase in a computational cell and    is the velocity of q
th

 phase. The volume fraction   of any 

phase is defined as given in the equation 3.9. According to the value of   in each 

computational cell, corresponding properties of fluid and variables are assigned to each of the 

computational cell. The sum of volume fractions of various phases in any computational cell 

equals to unity. 

  {
                      
                        

                  
                       (3.9) 

In the present research work, the interface between the phases is depicted when the value of   

is equal to 0.50. The above mentioned volume fraction equation is solved for the dispersed 

phases and the volume fraction of the primary phase is computed using the equation 3.10. 

∑      
                                       (3.10) 
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The implicit time discretization scheme was used for solving this volume fraction equation in 

the present study. The discretized form of this volume fraction equation in the implicit scheme 

requires volume fraction values at the current time step which are obtained by solving a 

standard scalar transport equation in an iterative manner at each time step for each of the 

dispersed phases present in the system. The term    present in the equation 3.2 was modelled 

using the Continuum Surface Force Model (CSM). A constant value of 0.072 N/m was 

applied as the coefficient of surface tension which is highly appropriate for the air-water 

systems (Kulkarni and Patwardhan 2014). 

In short, the surface aeration process in a reactor vessel is modelled by solving the volume 

fraction equation of air (equation 3.8) along with the continuity equation (equation 3.1), 

momentum equation (equation 3.2) and turbulence transport equations (equations 3.5 and 3.6) 

respectively. 

3.3.2 Boundary conditions 

The appropriate boundary conditions which reflect the actual flow behavior of the surface 

aeration tanks need to be provided for developing the CFD models of the same. The tank 

periphery, tank bottom, baffle walls and impeller were modelled as solid surfaces with no-slip 

boundary condition. On the other hand, the top surface of the tank was modelled using 

symmetry boundary condition in the single phase simulations and using pressure-outlet 

condition in the multiphase simulations respectively. The viscous flow near the solid 

boundaries was modelled using the standard wall function (Launder and Spalding 1974). 

3.3.3 Impeller rotation model 

The surface aeration tank configurations are divided into two zones such as inner zone 

enclosing the impeller and outer zone encompassing the tank and baffle walls respectively. 

The governing equations are solved in a rotating reference frame in the inner zone and in a 

stationary reference frame in the outer zone respectively. The effects of rotation of the 

impeller are included into the model by adding the corresponding coriolis and centrifugal 

force contributions in the momentum equations which are solved in the rotating frame of 

reference and removing the same from the momentum equations which are solved in the 

stationary frame of reference respectively. The velocity fields obtained from the inner zone 
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are iteratively exchanged to the outer zone after providing necessary transformations at the 

boundary separating the inner and outer zones and vice versa. This process is continued until 

satisfactory numerical convergence is achieved for the velocity fields computed in the inner 

and outer zones respectively. 

As discussed in the subsection 2.3.4, position of the MRF boundary separating the inner and 

outer zones of the reactor vessel affects the accuracy of flow field predictions and hence it is 

necessary to determine the appropriate position of the same for accurate modelling of the flow 

behavior of the reactor vessels. A cylindrical shaped MRF boundary was used to divide the 

agitated vessel into an inner zone as well as outer zone respectively. The diameter of the 

cylindrical MRF boundary (radial extent) is defined as    while the axial distance between 

the top and bottom horizontal faces of the MRF boundary (axial extent) is defined as    

respectively. The    is equally divided above and below the impeller centre-plane (which is 

represented using the ‗±‘ symbol). A series of computational trials (simulations) were 

performed by varying either    or    at a time and the proper magnitudes of the same were 

determined by comparing the flow field predictions with the corresponding experimental 

results. The upper and lower limits of    and    employed for the simulations are given in 

Table 3.1 as well as shown in Figure 3.2 respectively. The values of    and    for the initial 

trial were assumed as 14 cm and 4 cm respectively based on the study of Lane et al. (2000).  

Table 3.1: Upper and lower limit of    and    for implementing the MRF scheme 

MRF boundary extent 
General limits for any 

geometry 

Possible limits for the current 

study 

        (    ) 9.3 cm <  < 21.6 cm 

           1.86 cm <  < 18 cm 
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Figure 3.2: Upper and lower limits of MRF boundary for modelling the flow fields 

3.3.4 Computational grids 

The full three dimensional geometry of the surface aeration tanks were created using ANSYS 

Design Modeler tool (version 17.0) and the various geometric features such as RT impeller 

and the baffle walls were accurately represented in the models developed. The full three 

dimensional geometry of the aeration tanks were considered in the present study since the 

modelling of half or quarter geometric configurations of the same was reported to be 

unsuitable for modelling the associated flow field characteristics (Jenne and Reuss 1999). The 

surface aeration tanks were discretized using the finite volume based grids with sufficient 

local refinements to capture the flow gradients using the ANSYS Meshing tool (version 17.0). 

The complex shape of the RT impeller as well as the baffle walls were properly represented in 

the discretized domain of the reactor vessels. The computational domain was discretized using 

two different grid types viz: (1) Hybrid grid type and (2) Tetrahedral grid type as shown in 

Figures 3.3(a)-3.3(d) respectively.  

In both the grid types, the computational domain was divided into a sub-domain surrounding 

the impeller as well as another sub-domain enclosing the remaining portions of the vessel. The 

sub-domain surrounding the impeller coincides with the inner zone generated in the MRF 

model for providing effects of rotation of the impeller and the other sub-domain coincides 

with the outer zone created in the MRF model for encompassing the tank and baffle walls. 



73 
 

The performance of hybrid and tetrahedral grid types were compared so as to select the 

appropriate grid type for modeling the flow features associated with the reactor vessels. 

The hybrid grid was developed by splitting the computational domain of the reactor vessel 

into various blocks. The block around the impeller which coincides with the inner zone was 

discretized using the unstructured tetrahedral elements so as to properly define the complex 

shape of the RT impeller. In the other blocks generated above and below the inner zone, the 

hexahedral elements were developed by sweeping a surface mesh consisting of unstructured 

quadrilateral-dominant elements along the axial direction of the tank. The tetrahedral 

elements were distributed based on the Patch Confirming Algorithm (ANSYS 2013) and the 

hexahedral elements were provided according to the General Sweeping Algorithm available in 

ANSYS (2013). On the other hand, the generation of tetrahedral grid doesn‘t require any 

block-wise treatment as that of the hybrid grid and the entire tank geometry was discretized 

using the unstructured tetrahedral elements based on the Patch Confirming Algorithm.  

The grid independence study was performed for each grid type using five grids of 

significantly different resolutions as given in the Table 3.2. The size of the elements 

comprising the RT impeller was successively reduced to obtain the computational grids used 

for the grid independence study. The finer grids near the impeller help in resolving the sharp 

velocity gradients, trailing vortices and high turbulence regions around the impeller. The 

thickness of impeller disc, blades and baffles are accounted in the finer grids developed for 

the present research work. Moreover, the inflation layers were provided around the impeller 

so as to resolve the boundary layer gradients by refining the grid elements in a direction 

perpendicular to the impeller walls. 
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(a)  (b)  

  

  

(c) (d) 

Figure 3.3: Isometric and sectional elevation views of [(a) & (c)] hybrid grid type and [(b) & (d)] tetrahedral grid 

type  

 

Shaft 

Impeller 

Baffle walls 
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Table 3.2: Features of the grids generated for the grid independence study under the hybrid and 

tetrahedral grid types 

Grid 
Element size  

of impeller (m) 

Number of elements 

of blade 
Overall number 

of elements 

Overall number 

of nodes 
      

Hybrid grid type 

Grid 1 0.004 6 5 300573 304574 

Grid 2 0.0008 36 25 996072 361096 

Grid 3 0.00035 66 44 4497937 1325522 

Grid 4 0.000258 86 65 7418360 2329381 

Grid 5 0.00024 96 77 8451837 2607928 

Tetrahedral grid type 

Grid 1 0.005 5 4 266733 56882 

Grid 2 0.002 10 8 869340 168494 

Grid 3 0.0015 16 13 1001202 193513 

Grid 4 0.0005 53 41 3874542 732154 

Grid 5 0.000258 90 72 7142519 1332020 

 

3.3.5 Numerical discretization schemes 

The continuity and momentum equations were coupled using the Semi-Implicit Method for 

Pressure Linked Equations (SIMPLE) pressure-velocity coupling scheme and the resulting 

equations were numerically discretized using various higher and lower order discretization 

schemes respectively. The performance of various higher and lower order discretization 

schemes were compared to select the most appropriate discretization scheme for modelling 

the reactor vessels. The lower order schemes consist of first order upwind and power-law 

schemes whereas the higher order schemes include second order upwind, third order QUICK 

and MUSCL schemes respectively. During the multiphase modelling, the pressure term was 

discretized using the PRESTO scheme and the volume fraction term was discretized using the 

Geo-reconstruct scheme respectively. The details regarding the pressure-velocity coupling 

schemes and the various numerical discretization schemes are available in ANSYS (2013).  
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3.3.6 Numerical convergence 

The time step adopted for the unsteady simulations was 0.0002s and the total time of 

simulation was 10s which is equal to or more than the mixing time required for the baffled 

tanks agitated using the RT impeller (Kulkarni and Patwardhan 2014). Particular care was 

given for the convergence of turbulent quantities since the mean flow quantities converges in 

a faster manner as compared to the turbulent quantities (Coroneo et al. 2011; Deglon and 

Meyer 2006). Also, the number of iterations necessary to achieve superior convergence of the 

turbulent quantities is much higher than that required for the mean flow quantities. In order to 

achieve superior convergence of the turbulent quantities, a higher convergence criterion of  

10
-7

 was adopted for the mean as well as turbulent flow fields. The residuals of continuity 

equation, X-velocity, Y-velocity, Z-velocity,   and   were carefully monitored and the 

simulations were considered as converged when the residuals of the same were dropped 

below the level of 10
-7

. Apart from the residuals of flow fields, impeller torque and volume 

integrated turbulence dissipation rate were also monitored during the simulations which 

attained constant magnitudes when the numerical simulations were stopped. The careful 

monitoring of the turbulent quantities assures accurate predictions from the CFD model. 

The computations were carried out in a workstation having double precision 64 bit Intel (R) 

Xeon (R) E5-1620 3.6 GHz processor. The parallel processing with 12 cores was adopted for 

each simulation and the time required for each simulation was also noted. 

3.4 Numerical Verification & Validation process 

The present study minimizes the numerical error arising from four sources such as grid 

resolution, grid type, numerical discretization scheme and position of MRF boundary 

separating the inner and outer zones of the reactor vessel. At first, the grid independence study 

of the hybrid and tetrahedral grids were performed in a systematic manner using five grids of 

significantly different resolutions so as to minimize the numerical error arising from the grid 

resolution. This numerical error associated with the hybrid and tetrahedral grids were 

quantified using the GCI method and the computational grid providing minimum GCI 

(optimal grid) was selected for further analysis. The details of the GCI method adopted to 

quantify the numerical error are described in the next paragraph. The computational time, 

accuracy and numerical convergence of the flow field predictions from the optimal grids of 
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hybrid and tetrahedral grid types were compared to determine the optimal grid type for the 

modelling. The performance of various higher and lower order discretization schemes was 

analysed on the optimal grid type thus selected to obtain the appropriate numerical 

discretization scheme for the modelling. Finally, a series of numerical simulations were 

performed by varying the    and    in the optimal grid type with appropriate discretization 

scheme obtained from the previous steps and the optimal    and    were found out by 

comparing the flow field predictions from the simulations with the corresponding 

experimental results. The flow chart elucidating the step by step procedure of the numerical 

verification process is shown in Figure 3.4. 

 

Figure 3.4: Numerical verification process adopted for the present research work 

The numerical error or uncertainty associated with the global and local flow fields were 

determined using the GCI method (Roache 1994). The GCI is determined from three 

systematically refined grids namely coarse, medium and fine grids respectively. The flow 

field solutions from the fine, medium and coarse grids are represented as   ,    and    

respectively. The grid refinement factor between the medium and fine grids is expressed as 

given in the equation 3.11. 

   
  (

     

       
)
   

                          (3.11) 
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Where   is the number of elements or control volumes in the grids and    
  is the refinement 

factor between the medium and fine grids. The difference between the    and    is indicated 

as     and that between    and    is specified as     respectively. The Convergence ratio (  ) 

is computed as given in the equation 3.12. 

    
   

   
                   (3.12) 

The positive values of    between zero and one (0<  <1) indicate monotonic convergence of 

the solutions while the negative values of the same represent the oscillatory convergence of 

the solutions. The GCI as well as the absolute relative error (  ) of the flow quantities 

associated with the fine grids are estimated using the equations 3.13 and 3.14 respectively. 

       
   

     
  

(   
 )

 ̂
  

                                                                                                               (3.13) 

  
   |

     

  
|                             (3.14) 

Where  ̂ indicates the observed order of accuracy and the    specifies the Factor of Safety 

provided to achieve 95% confidence in the estimation of GCI related with the various flow 

quantities. The asymptotic convergence of various flow quantities with the grid resolution 

was tested by determining the  ̂ using the expressions given in the equations from 3.15 to 

3.17. 

 ̂  
 

  (   
 )

|  |
   

   
|   ( ̂)|                                                                                                (3.15) 

 ( ̂)    (
(   

 )
 ̂
  

(   
 )

 ̂
  

)                                                                                                          (3.16) 

        (
   

   
)                                (3.17) 

For the complex geometries having turbulent flow features, the  ̂ can exhibit deviations from 

the formal order of accuracy of the discretization scheme (  ) either due to unstructured 

nature of grids or due to non-uniform refinement factor between the coarse, medium and fine 

grids respectively. The considerable difference between the  ̂ and    leads to unreliable 

estimates of the GCI (Phillips and Roy 2011; Roy 2010). In order to avoid the unrealistic 

large or small magnitudes of GCI due to lower or higher values of  ̂, the recommendations 
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provided by Roy (2010) were adopted for the present work as given in the equations 3.18 and 

3.19 respectively. 

 ̂     (   (     ̂)   )                            (3.18) 

   {
     

    ̂

  
    

        
    ̂

  
    

                                   (3.19) 

A lower    of 1.25 was applied when the  ̂ is close to    indicating asymptotic convergence 

of the flow quantities whereas a higher    of 3.0 was applied when considerable deviations 

exist in the magnitudes of  ̂ and    indicating non-asymptotic convergence of the flow 

quantities (Roy 2010).  

The mean and turbulent flow field predictions from the CFD model after the verification of 

various sources of numerical error were compared with the corresponding results from the 

experiments, LES and other complex turbulence models respectively. This process is known 

as validation process. 

3.5 Performance goals and flow field characteristics of surface 

aeration tanks 

The performance goals of the surface aeration tanks considered in the present research work 

are the impeller power number, pumping number and gas hold-up respectively. The impeller 

power number was computed from the torque of the rotating impeller (   ) as well as from 

the volume integrated turbulence dissipation rate (   ) respectively. The percentage 

difference between     and     represents the effective dissipation of the power drawn from 

the impeller in the entire domain of the reactor vessel (Başbuğ et al. 2018). In other words, 

this quantity is known as energy imbalance associated with the reactor vessel. The smaller 

values of energy imbalance indicate the energy efficiency of the flow and transport processes 

associated with the reactor vessels (Başbuğ et al. 2018). The concept of energy imbalance can 

also be used for analyzing the accuracy and consistency of the standard     model in 

predicting the turbulent quantities related with the reactor vessels (Coroneo et al. 2011; Liu 

2016). The expressions of the various performance goals considered for the present study are 

given in the equations 3.20-3.24 respectively.  
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                                          (3.20) 

Where        ,    indicates the impeller power drawn and   is the net torque on the 

impeller blades 

    
∭      

                                    (3.21) 

Energy imbalance = 
       

   
                 (3.22) 

Pumping number (  ) is defined as given in the equation 3.23. 

    
  

   
                    (3.23) 

Where    is the volume flow rate in the radial direction. 

Gas hold-up ( ) is specified as given in the equation 3.24. 

  
    

  
                    (3.24) 

Where    and   are the height of the liquid in the presence of the gas as well as in the 

absence of the gas respectively. The gas hold-up is represented as percentage values. 

The flow field parameters such as    ,    , normalized mean radial velocity (
  

    
), 

normalized mean tangential velocity (
  

    
) and normalized turbulent kinetic energy (

 

    
 ) in 

the reactor vessel were considered for the V&V process. The radial and axial profiles of 
  

    
, 

  

    
 and 

 

    
  at various locations within the tank were considered for the respective analyses. 

The physical reasons causing variations in the performance goals of the surface aerators with 

variations in the tank parameters were evaluated using the contours of pressure coefficient 

(  ), trailing vortices, 
 

    
 , normalized turbulence intensity (

  

    
), vorticity ( ) and strain rate 

( ) respectively. The expression for    is given in the equation 3.25. 

   
 

 

 
      

 
          (3.25) 
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Where      is the impeller tip velocity. 

The trailing vortices associated with the reactor vessels were plotted using the Q-criterion 

(Huang and Green 2015) and the expression for the same is given in the equation 3.26. 

  
 

 
(‖ ‖  ‖ ‖ )            (3.26) 

Where ‖ ‖ represents the Euclidean norm of rotation rate tensor and ‖ ‖ indicates the 

Euclidean norm of strain rate tensor respectively. The formation of a vortex is inferred when 

   , ie, the rotation rate of a fluid element dominates over the respective strain rate. 

3.6 Configurations of surface aeration tanks  

The flat bottomed tanks having circular cross-sections were adopted for the flow field 

analyses concerned with the present research work. The RT impeller was employed for 

agitating the fluid contained within the reactor vessel. The tank parameters such as 
 

 
, 

 

 
,  , 

    and     were varied and the corresponding impacts on the flow fields and performance 

goals were analysed. These tank parameters were varied in the range as given in the Table 3.3. 

The effect of variations of 
 

 
, 
 

 
 and   on the flow field characteristics of the reactor vessels 

were analysed under the single phase as well as multiphase conditions respectively. On the 

other hand, the effect of variations of     and     on the flow field characteristics were 

analysed only under the single phase conditions as the main purpose of the respective studies 

is to compare the mixing performance of the reactor vessel configurations rather than the 

features of entrainment of air into the reactor vessels. 

Table 3.3: Range of the geometric and dynamic parameters of the surface aeration tank varied during the 

simulations 

Tank type   (m)   (rpm)   (m)                      

Circular baffled 0.03-0.26 100-500 0.27-0.40 2-32 0-10 

 

The standard configuration of the reactor vessel was employed for the V&V process. The 

mean and turbulent flow fields associated with the standard configuration of the reactor vessel 

were widely investigated in the literature using the advanced experimental and computational 
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approaches (Delafosse et al. 2008; Escudié et al. 2004; Escudié and Liné 2003; Singh et al. 

2011; Yeoh et al. 2004). Thus, the corresponding flow field results can be confidently used 

for assessing the accuracy of the present CFD model. The geometric details of the standard 

configuration of the reactor vessel used for the present research work are given in Table 3.4. 

Table 3.4: Geometric details of standard configuration of the reactor vessel 

Geometric parameter Value (m) 

  0.27 

  0.27 

  (   ) 0.09 

  (    ) 0.027 

  (   ) 0.093 

   (   ) 0.02325 

   (   ) 0.0186 

     6 

     4 

 

The impeller was rotated at a speed of 200 rpm so as to generate the turbulent flow conditions in 

the reactor vessel. The diagram of the standard configuration of the reactor vessel used for the 

present research work is illustrated in Figure 3.5.  
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(a) 

 

(b) 

Figure 3.5: (a) Sectional elevation and (b) Plan of the standard configuration of the reactor vessel  

(Source: Wu and Patterson (1989)) 

3.7 Summary 

The single phase and multiphase CFD simulations were performed using the methodology 

described in the previous sections. In order to ascertain the reliability and accuracy of the 

CFD methodology, systematic and scientific V&V process was conducted on the widely 

investigated standard configuration of the stirred vessel. Based on the confidence obtained 

from the validation process, the methodology was employed for analyzing the flow field 

characteristics related with the non-standard configurations of the reactor vessels. Finally, the 

predicted flow fields were used to explain the physical reasons behind the variations in the 

performance goals with the variations in the geometric and dynamic parameters of the surface 

aeration tank. 
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Chapter 4 

Verification and Validation (V&V) process 

4.1 Introduction 

The Verification & Validation (V&V) are the scientific methods employed for quantifying 

and building confidence in the CFD simulations (Oberkampf and Trucano 2002). The 

verification process is concerned with the minimization of various sources of numerical error 

(Cadafalch et al. 2002) so as to determine whether the CFD methodology accurately 

characterizes the conceptual modelling approach developed for the problem under 

consideration (Suard et al. 2011). On the other hand, the validation process asses the degree to 

which the CFD model represents the real world conditions by comparing the flow field 

predictions with the experimental/benchmark results (Freitas 2002; Suard et al. 2011). In the 

present study, four sources of numerical error such as grid resolution, grid type, numerical 

discretization scheme and position of MRF boundary separating the rotating and stationary 

zones of the reactor vessel were minimized and the corresponding predictions were validated 

against the results from the experimental studies, LES approach and other complex turbulence 

models available in the literature. The standard configuration of the reactor vessel as specified 

in the section 3.6 of Chapter 3 was adopted for the V&V process. The flow field 

characteristics as described in the section 3.5 of Chapter 3 were considered for the V&V 

process. These flow field characteristics include both the global flow quantities as well as 

local flow quantities respectively. The global flow quantities include     and     while the 

local flow quantities comprises of radial and axial profiles of 
  

    
, 

  

    
 and 

 

    
  respectively. 

The radial and tangential velocities are selected for the analyses as the standard reactor vessel 

produces strong flow in the radial and tangential directions surrounding the impeller 
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(Yianneskis et al. 1987). Moreover, the distribution of turbulent kinetic energy provides a 

clear picture of the trailing vortices around the impeller and turbulence action in the entire 

domain of the reactor vessel (Schäfer et al. 1998). 

4.2 Grid resolution and grid type 

The present section evaluates the effects of grid resolution and grid type on the accuracy and 

numerical convergence of the flow field predictions associated with the reactor vessel. The 

grid independence study of the hybrid and tetrahedral grid types were performed in a manner 

as specified in the sub-section 3.3.4 of Chapter 3. The grid independence study was performed 

in the discharge stream of the impeller since the grid convergence of the underlying 

anisotropic turbulence fields are much difficult as compared to that in the remaining parts of 

the reactor vessel (Feng et al. 2012). Therefore, the grid independence study was performed 

until the mean and turbulent flow fields near the impeller become almost invariant with the 

grid resolution. The computational grid producing accurate flow field predictions near the 

impeller will be adequate for the remaining portions of the reactor vessel as the flow gradients 

decreases with increase in the radial distance from the impeller (Feng et al. 2012). The 

variations of    ,    , axial profiles of 
  

    
 and 

 

    
  near the impeller with the grid resolution 

for both the grid types are shown in Figures 4.1(a)-4.1(f) respectively.  

 
(a) 

: Experimental study (Bates et al. 1963), :    , :     

 

 

 

𝑵
𝒑
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(b) 

: Experimental study (Wu and Patterson 1989), : Grid 1, : Grid 2, : Grid 3, 

: Grid 4, : Grid 5 

 

 
 

    
  

(c) 

: Experimental study (Hartmann et al. 2004), : Grid 1, : Grid 2, : Grid 3, 

: Grid 4, : Grid 5 

 

 
(d) 

: Experimental study (Bates et al. 1963), :    , :     

 

𝒓 𝒅=0.222 
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(e) 

: Experimental study (Wu and Patterson 1989), : Grid 1, : Grid 2, : Grid 3, 

: Grid 4, : Grid 5 

 
 

    
  

(f) 

: Experimental study (Hartmann et al. 2004), : Grid 1, : Grid 2, : Grid 3, 

: Grid 4, : Grid 5 

 
  

    

 

(g) 

: Experimental study (Wu and Patterson 1989), : Hybrid grid, : Tetrahedral grid 

Figure 4.1: Variation of    ,     and axial profiles of 
  

    
 and  

 

    
  close to the impeller with grid 

resolution for [(a)-(c)] hybrid and [(d)-(f)] tetrahedral grid types and (g) comparison of axial profiles of 

  

    
 away from the impeller from the hybrid and tetrahedral grid types 

𝒓 𝒅=0.222 

𝒛
 𝒅

 

𝒓 𝒅=0.185 

𝒛
 𝒅

 

𝒓 𝒅=0.333 
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As shown in Figures 4.1(a)-4.1(f), the predictions of    , 
  

    
 and 

 

    
  close to the impeller 

exhibit considerable changes from Grid-1 to Grid-3 and remains constant thereafter for the 

hybrid as well as tetrahedral grid types. On the other hand, the prediction of     increases 

from Grid-1 to Grid-4 and produces marginal improvements with Grid-5 for both the grid 

types. These observations indicate that the grid independency of    , 
  

    
 and 

 

    
  is achieved 

with Grid-3 while the grid independency of     is obtained with Grid-4 of both the grid types. 

Therefore, the high resolution grids are needed for the appropriate convergence of     as 

compared to the remaining flow field variables and the computational grid producing superior 

convergence of the     will provide excellent convergence of the remaining mean and 

turbulent flow quantities. Thus, the     can be considered as a monitoring parameter for 

analyzing the grid convergence of the CFD simulations of the reactor vessels. However, the 

discussions related with the selection of proper monitoring parameter for the grid 

independence studies of the CFD simulations of the reactor vessels weren‘t performed in the 

past research works. 

The     and     increases by 4.7% and 33.4% respectively from Grid 1 to Grid 5 for the 

hybrid grid type while the same increases by 6.4% and 38% respectively from Grid 1 to Grid 

5 for the tetrahedral grid type. The peak 
  

    
, 

  

    
 and 

 

    
  increases by 11%, 10% and 27%  

from Grid 1 to Grid 5 for the hybrid grid type while the same increases by 19%, 10% and 

32% from Grid 1 to Grid 5 for the tetrahedral grid type respectively. Hence, the grid 

convergence of the hybrid grid type is faster as compared to the tetrahedral grid type.  

The numerical error associated with the mean and turbulent flow fields of hybrid and 

tetrahedral grids were estimated based on the GCI method (Roache 1994). The 

recommendations provided by Roy (2010) regarding the selection of    based on the value of 

 ̂ were adopted wherever necessary. Among the five grids generated for each grid type, three 

grids were used for quantifying the numerical error and the details of the same are given in the 

Table 4.1. The particulars related with the quantification of numerical error associated with 

the    ,    , 
  

    
, 

  

    
 and 

 

    
  of the hybrid and tetrahedral grids using the GCI concept are 

given in the Table 4.2. The GCI associated with the    ,    , 
  

    
, 

  

    
 and 

 

    
  are represented 
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in the form of error bars for the hybrid and tetrahedral grids as shown in Figures 4.2-4.4 

respectively. 

Table 4.1: Details of the grids used for the quantification of GCI associated with the mean and turbulent 

flow fields of the hybrid and tetrahedral grid types 

Grid 

designation 

Grid size Element size 

of the 

impeller (m) 

  

Computational 

time (Hrs.) 

Hybrid grid type 

Grid 1 300573 0.00400 - 4 

Grid 2 996072 0.00080 1.49 20 

Grid 5 7418360  0.000258 1.95 40 

Tetrahedral grid type 

Grid 1 266733 0.005000 - 5 

Grid 3 1001202 0.001500 1.55 27 

Grid 5 7142519 0.000258 1.93 60 

 

Table 4.2: Particulars related with the quantification of GCI associated with the mean and turbulent flow 

fields for the hybrid and tetrahedral grid types 

Flow field 

parameter 

Hybrid grid Tetrahedral grid 

     
   (%)        

   (%)      
   (%)        

   (%) 

    0.2709 0.92 1.00 0.0523 0.32 0.35 

    0.6305 12.20 5.44 0.3148 9.07 10.0 

    0.0396 0.42 1.27 0.4568 6.73 7.07 

    0.2740 1.84 0.12 -1.1463 10.20 5.05 

   0.0340 0.98 1.73 -0.0475 1.68 3.19 

 

The hybrid grid type provides monotonic convergence (0<  <1) for all the mean and 

turbulent flow quantities considered for the analysis while the tetrahedral grid type produces 

monotonic convergence for the    ,     and     and oscillatory convergence (  <0) for the 

    and    respectively. The hybrid and tetrahedral grids develop small values of GCI (< 1%) 

for the    . On the other hand, the GCI associated with the     of hybrid grid was found to be 

almost half of the tetrahedral grid type. The hybrid grid develop small values of GCI (< 2%) 

related with the    ,     and    which considerably increases for the tetrahedral grid type. 
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Moreover, it is clear from Figures 4.3 and 4.4 that the GCI of 
  

    
 and 

 

    
  at various locations 

(   =0.28, 0.36 and 0.4) above and below the impeller centre-plane especially close to the 

impeller blades from the hybrid grid are lesser than that from the tetrahedral grid. The higher 

GCI associated with the mean and turbulent flow fields of the tetrahedral grid type might be 

stemming from the numerical diffusion errors allied with the underlying elements (Longest 

and Vinchurkar 2007). Thus, the hybrid grid develops reliable predictions of various mean 

and turbulent flow fields as the corresponding GCI magnitudes are considerably smaller than 

that from the tetrahedral grid type. Further, as given in the Table 4.1, the computational time 

required for the grids of hybrid type are much lesser than that of the tetrahedral type 

indicating that the hybrid grid is more economical for modelling the complex multiphase 

flows associated with the agitated reactors. 

 
(a)  

 

 
(b)  

:    , :     

Figure 4.2: Error bars of (a)     and (b)     related with the hybrid and tetrahedral grid types 

𝑵𝒑𝒕 

𝑵𝒑𝜺 
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(a)  

 

 
  

    

 

(b)  

Figure 4.3: Error bars of 
  

    
associated with the (a) hybrid and (b) tetrahedral grid types 
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(b)  

Figure 4.4: Error bars of 
 

    
  associated with the (a) hybrid and (b) tetrahedral grid types 

The accuracy of flow field predictions from the hybrid and tetrahedral grids were analysed by 

comparing the corresponding predictions of    ,    , axial profiles of 
  

    
 and 

 

    
  close to 

the impeller with the experimental results as illustrated in Figures 4.1(a)-4.1(g) respectively. 

Both the grid types accurately predicted the single peaked curve of 
  

    
 representing the liquid 

jets emerging from the impeller blades and double peaked curve of 
 

    
  representing the 

trailing vortices generated near the top and bottom corners of impeller blades. Hybrid and 

tetrahedral grids accurately predicted the     with error less than 5%. The hybrid grid 

accurately predicts the     with an error of 10% while the tetrahedral grid provides inferior 

prediction of the same as the underlying error considerably increases to 18%. Moreover, the 

hybrid grid type provides lesser energy imbalance of about 5.3% in the reactor vessel which 

significantly increases to 15% for the tetrahedral grid type. The axial profiles of 
  

    
 and 

 

    
  

near the impeller tip predicted by the hybrid and tetrahedral grids are highly similar and close 

to the corresponding profiles obtained from the experimental studies. The magnitude and 

location of peak 
  

    
 were accurately predicted by both grid types. Although, the upper peak 

value of 
 

    
  was accurately predicted, the lower peak magnitude of the same was slightly 

over predicted by both the grid types. Moreover, the locations of upper and lower peak values 

of 
 

    
  obtained from both the grid types were slightly shifted above and below the 

corresponding locations obtained from the experimental studies. Even though, both the grid 

types accurately predict the axial profile of 
  

    
 near the impeller blades, the hybrid grid 

𝒓 𝒅=0.185 

𝒛 𝒅 
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provides superior predictions of the same away from the impeller in comparison with the 

tetrahedral grid type as illustrated in Figure 4.1(g). Thus, the hybrid grid type provides 

accurate prediction of various mean and turbulent flow fields as compared to the tetrahedral 

grid type. 

In general, hybrid grid type provides accurate predictions of mean and turbulent flow fields 

with lesser numerical discretization error and computational time as compared to the 

tetrahedral grid type. The Grid-5 of the hybrid grid type was employed for the further 

analyses in the following sections. 

4.3 Numerical discretization scheme 

The predictions of    ,     and axial profiles of 
  

    
, 

  

    
 and 

 

    
  obtained from the various 

numerical discretization schemes are displayed in Figures 4.5(a)-4.5(d) respectively.  

 
 

(a) 

 

 

 
  

    

 

(b) 

𝑵
𝒑
 

𝒛
 𝒅

 

Numerical discretization scheme 
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 (c)  

 

 
 

    
  

(d) 

 

: Experimental study (Wu and Patterson 1989), : Experimental study (Hartmann et al. 

2004), : Experimental study (Bates et al. 1963), :    , :    , : First order upwind 

scheme, : Second order upwind scheme, : QUICK scheme, : Power law scheme, 

: MUSCL scheme 

Figure 4.5: Variation of    ,     and axial profiles of 
  

    
,  

  

    
 and 

 

    
  close to the impeller with the 

numerical discretization schemes 

The general flow field characteristics of the standard reactor vessel such as single peaked 

curve of 
  

    
 and 

  

    
 as well as double peaked curve of 

 

    
  were accurately predicted by the 

various discretization schemes. The     and     were accurately predicted by the higher 

order discretization schemes with a smaller energy imbalance of 5.3% (Fig. 4.5(a)). On the 

other hand, the lower order discretization schemes developed inferior predictions of the     

𝒛
 𝒅

 
𝒛
 𝒅

 

𝒓 𝒅=0.222 

𝒓 𝒅=0.185 
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and     with a significant energy imbalance of 30% (Fig. 4.5(a)). It can be observed from 

Figure 4.5(b) that the higher order discretization schemes provide axial profiles of 
  

    
 which 

are close to the corresponding experimental profile as compared to the lower order 

discretization schemes. Moreover, the magnitude and location of peak 
  

    
 were accurately 

predicted by the higher order discretization schemes as compared to the lower order 

discretization schemes. The axial profiles of 
  

    
 predicted by the various higher order 

discretization schemes were found to be highly similar in nature. On the other hand, the lower 

order discretization schemes qualitatively predicted the axial profile of 
  

    
 and under 

predicted the magnitude of peak 
  

    
 by 7%. Moreover, the location of peak 

  

    
 was found to 

be below the corresponding experimental location. It is clear from Figure 4.5(c) that the 

higher and lower order discretization schemes develop similar and accurate predictions of 
  

    
 

above the impeller centre-plane while the predictions of 
  

    
 below the impeller centre-plane 

from the higher order discretization schemes are superior as compared to the lower order 

discretization schemes. It is understood from Figure 4.5(d) that the higher order schemes 

provide similar and accurate predictions of 
 

    
  in the entire axial profile considered for the 

analysis. The upper peak magnitude of the axial profile of 
 

    
  was accurately predicted with 

deviations less than 5% by the higher order discretization schemes. On the other hand, the 

first order upwind scheme provides inferior predictions of 
 

    
  along the entire axial profile 

considered while the power-law scheme produces improved predictions of the same above 

and below the impeller centre-plane which are similar to the higher order discretization 

schemes. 

In general, the higher order discretization schemes develop similar and accurate predictions of 

the various mean and turbulent flow quantities. Coroneo et al. (2011) have also reported 

similar conclusions after comparing the predictive performance of various discretization 

schemes. Among the various higher order discretization schemes, the second order upwind 

scheme can be confidently used for modelling the reactor vessels as it provides accurate and 

highly similar flow field predictions in line with the third order QUICK and MUSCL schemes 

respectively. The QUICK and MUSCL schemes are basically developed for the CFD 
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simulations involving structured grids (ANSYS 2013). The usage of these third order schemes 

for the CFD simulations comprising of unstructured grids can reduce the predictive 

performance of the same (ANSYS 2013). This might be a possible reason for similar flow 

field predictions from the second order upwind and the remaining third order discretization 

schemes. However, accurate predictions of the mean and turbulent flow fields were obtained 

from the second order upwind scheme and the same was adopted for the further CFD 

simulations of the reactor vessels. The     again becomes a critical parameter for selecting 

the appropriate discretization scheme as the respective magnitude significantly varies with the 

order of the numerical discretization scheme.  

4.4 Position of MRF boundary 

The proper simulation of the rotation of RT impeller in the reactor vessels requires 

appropriate balance between the torque applied by the impeller walls and the torque applied 

by the tank and baffle walls respectively (Başbuğ et al. 2017). Moreover, the velocity fields 

produced within the tank due to the rotation of the impeller needs to be properly modeled 

(ANSYS 2013). In this view, the     computed from the torques of rotating walls (    

   ) and the stationary walls (        ) of the tank as well as the rate of decay of 

dominant velocities in the standard configuration of the reactor vessel such as mean radial 

velocity and mean tangential velocity were considered for the analysis. The expressions for 

the rate of decay of 
  

    
 and 

  

    
 in the discharge stream of the RT impeller were derived by 

Molen and Maanen (1978) and Wu and Patterson (1989) the same are given in the equations 

4.1 and 4.2 respectively. 

  

    
     (

 

 
)
  

                       (4.1) 

  

    
     (

 

 
)
  

                       (4.2) 

The variable   represents the radius of the impeller and the exponents a and   elucidate the 

rate of decay of 
  

    
 and 

  

    
 in the discharge stream of the impeller.  
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The variations of        ,         ,    , a and   with the 
  

 
 and 

  

 
 are shown in 

Figures 4.6 and 4.7 respectively. It is clear from Figures 4.6 and 4.7 that the medium 
  

 
 (1.51 

– 1.94) and large 
  

 
 (0.43 – 1.51) develops superior matching of the         and     

     and provides accurate decay of mean radial and tangential velocities in the discharge 

stream of the impeller. On the other hand, the small 
  

 
 (1.02 - 1.29), small 

  

 
 (0.22) and large 

  

 
 (2.04 - 2.26) generates inadequate matching of the         and          and 

produces inaccurate decay of the mean radial and tangential velocities in the discharge stream 

of the impeller. Thus, the medium 
  

 
 (1.51 – 1.94) and large 

  

 
 (0.43 – 1.51) can be 

considered as the optimal radial (  
 ) and axial extents (  

 ) for modelling the rotation of the 

RT impeller. The       of 14 cm×5.75 cm (1.51 ×±0.31 ) provides excellent predictions 

of the    ,    , a and   with error less than 10% and hence the flow field predictions from 

the corresponding CFD model were used for analyzing the predictive capability of the present 

CFD modelling approach as described in the subsequent sections (ie, section 4.5 and 4.6). 
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 (a) 

 

 
 

  

(b) 

 

: Experimental study (Bates et al. 1963) :        , :       , :     

Figure 4.6: Variation of        ,          and     with the (a) 
  

 
 and (b) 
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(b) 

 

: a based on experimental study of Molen and Maanen (1978), :   based on experimental 

study of Wu and Patterson (1989), : a, :   

Figure 4.7: Variation of   and   with the (a) 
  

 
 and (b) 

  

 
 

The suitability of limited range of 
  

 
 and larger range of 

  

 
 for modelling the impeller rotation 

indicates that the accuracy of model predictions is well controlled by the former parameter as 

compared to the latter parameter. The observations described in the previous paragraph 

indicate that the small as well as large 
  

 
 are unsuitable for modelling the impeller rotation 

and there exists a specific range of 
  

 
 which accurately predicts the various flow features 

associated with the standard reactor vessel. Therefore, the conclusion of suitability of large 

MRF boundaries for modelling the impeller rotation as given by Norouzi-Firouz et al. (2018) 

and Zadravec et al. (2007) cannot be followed. The small and large 
  

 
 breaks the underlying 

steady state assumption of the MRF method (Tabor et al. 1996) which leads to inappropriate 

transformation of the velocity fields and inferior prediction of the flow fields associated with 

the standard reactor vessel. The   
  obtained from this study isn‘t close to either impeller 

walls or tank periphery and provides accurate prediction of various flow field quantities 

associated with the standard reactor vessel. Therefore, the   
  is located at a proper distance 

from the impeller walls which provides accurate transformation of the velocity fields from the 

inner zone to the outer zone and vice versa (ANSYS 2013; Tabor et al. 1996) for modelling 

the flow features associated with the standard reactor vessel. The optimal MRF extents 

reported by Patil et al. (2021) lies within the   
  obtained from this study. Moreover, the 

optimal MRF extents reported by Oshinowo et al. (2000) is close to the   
  obtained from this 

study while the strict comparison of the results is difficult due to slight variations in the 

𝒂
 𝜷

 

𝑯𝒓

𝑫
 

 

𝑫𝒓

𝑫
=1.51 



104 
 

geometric configuration used by Oshinowo et al. (2000) and that adopted in the present 

research work. 

The proper balance between the         and          can be adopted as a generalized 

criterion for selecting the   
  and   

  for modelling the impeller rotation associated with the 

reactor vessels. This condition represents the transport of angular momentum from the 

impeller walls to the periphery of the reactor vessel (Başbuğ et al. 2017, 2018). Since the 

transport of angular momentum within the reactor vessel is conserved (Başbuğ et al. 2017), 

the above mentioned criterion can be employed for selecting the   
  and   

  for any geometric 

configuration of the reactor vessel agitated using any type of impeller. Moreover, the     can 

be accurately determined even from coarser computational grids which can considerably 

decrease the time required to select the optimal MRF boundary. 

4.5 General flow features of standard reactor vessel 

The general flow characteristics of the standard reactor vessel were studied using the angular 

profiles of 
  

    
, 

  

    
 and 

  

    
 behind the impeller blades at various radial distances from the 

centre of the impeller and at various axial planes above and below the impeller centre-plane as 

elucidated in Figures 4.8(a)-4.8(e) respectively. The main purpose of the study is to compare 

the mean velocity fields predicted by the present CFD model with the corresponding results 

reported in the literature. The radial distances are normalized by   and indicated as    (   ) 

while the axial distances are normalized by     and represented as    (    ) respectively. 

The study was conducted in four regions surrounding the impeller such as (1) within the 

impeller blades (   between 0.753 and 0.968), (2) in the discharge stream of the impeller (   

between 1.022 and 2.15), (3) within the axial extents of the impeller blades (   of ± 0.86) and 

(4) outside the axial extents of the impeller blades (   of ± 2.58). The ± sign indicates the    

above and below the impeller centre-plane. 

As shown in Figures 4.8(a) and 4.8(b), 
  

    
 dominates over the 

  

    
 within the region between 

the impeller blades while the 
  

    
 decays in a faster rate as compared to the 

  

    
 in the 

discharge stream of the impeller. The acceleration of fluid over the impeller blades is the 

major reason behind the high magnitude of tangential velocity between the impeller blades as 

compared to the radial velocity (Stoots and Calabrese 1995). The zero degree specified in the 
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graphs corresponds to the centre of the leading blade while the sixty degree corresponds to the 

centre of the successive blade. The peak 
  

    
 was found to be 0.907 at 5º behind the impeller 

blades while the peak 
  

    
 was found to be 1.37 at 10º behind the impeller blades. Moreover, 

the peak 
  

    
 was found to be 0.496 at 10º behind the impeller blades. The peak magnitude of 

  

    
 was less than the peak magnitude of 

  

    
 and 

  

    
 respectively. These flow features 

observed in the present CFD model are much similar to that reported by Molen and Maanen 

(1978) and Stoots and Calabrese (1995) for the RT agitated reactor vessels.  

The sinusoidal variation of 
  

    
, 

  

    
 and 

  

    
 as displayed in Figures 4.8(a) to 4.8(c) represent 

periodic behaviour of the mean velocity field surrounding the impeller. The flat profile of the 

mean velocity field as illustrated in these figures indicate the non-periodic behaviour of the 

same. The periodic nature of mean velocity depict the presence of trailing vortex structures 

and the extent of periodicity in the mean velocity around the impeller represent the active 

region of the trailing vortex structure (Rutherford et al. 1996; Stoots and Calabrese 1995). 

Along the impeller centre-plane, 
  

    
 exhibit periodic behaviour from the    of 0.914 to 1.022 

and decays further in the discharge stream of the impeller whereas the 
  

    
 display periodic 

behaviour from the    of 0.753 to 1.022 and decays further in the discharge stream of the 

impeller (Fig. 4.8(a) and 4.8(b)). The angular variation of 
  

    
 and 

  

    
 at various    along the 

   of -1.72 and 1.72 (Fig. 4.8(d) and 4.8(e)) exhibit similar results as that obtained for the 

same along the impeller centre-plane. The periodicity of 
  

    
 and 

  

    
 completely vanishes at 

the    of 1.505 for the axial planes along the impeller centre-plane as well as that along the    

corresponding to ±1.72. However, the magnitude of periodicity associated with 
  

    
 and 

  

    
 

along the impeller centre-plane are much higher than that along the    of -1.72 and 1.72 

respectively. The periodic behaviour of 
  

    
 and 

  

    
 completely vanishes at the axial planes 

corresponding to    of -2.58 and 2.58 respectively. The high magnitude and periodicity of 
  

    
 

between the impeller blades represents swirling motion of the fluid emerging from the 

impeller blades which results in the formation of trailing vortex structure (Stoots and 

Calabrese 1995). The high magnitude of radial velocity in the discharge stream of the impeller 

represents strong jet action of the fluid emerging from the impeller (Escudié and Liné 2003). 
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The periodicity in 
  

    
 is quite less along the impeller centre-plane and increases above and 

below the impeller centre-plane up to the    of ±0.86 (Fig. 4.8(c)) and decreases thereafter. 

The 
  

    
 become completely non-periodic at the    of ±2.58 above and below the impeller 

centre-plane (Fig. 4.8(f) and 4.8(g)). Thus, strongest periodicity of 
  

    
 is present within the 

height of the impeller blades and decays outside the axial extents of the impeller blades. The 

periodic behaviour of 
  

    
 is observed from the    of 0.753 to 0.86 and decreases further in the 

discharge stream of the impeller (Fig. 4.8(c)). The 
  

    
 become completely non-periodic at the 

   of 1.505 (Fig. 4.8(c)) like the other two mean velocity fields. The inferences regarding the 

periodic variation of mean velocity fields are much similar to that reported by Molen and 

Maanen (1978), Stoots and Calabrese (1995) and Yianneskis et al. (1987) respectively. 

Thus, 
  

    
, 

  

    
 and 

  

    
 develop strong periodicity near the impeller blades which decreases 

radially as well as axially in the discharge stream of the impeller. The strongest periodicity of 

  

    
 and 

  

    
 is observed along the centre-plane of the impeller while that of 

  

    
 is observed 

along the axial planes at    of ±0.86. The three dimensional variation of the mean velocity 

surrounding the impeller indicates that the periodicity of 
  

    
 and 

  

    
 varies in the radial 

direction of the vessel whereas the periodicity of 
  

    
 varies in the axial direction above and 

below the impeller centre-plane. The flow periodicity in the present configuration of the 

reactor vessel is confined within a cylindrical region around the impeller having a diameter of 

1.505  and a height of 0.323  above and below the impeller centre-plane. The region of flow 

periodicity around the RT impeller of the standard reactor vessel obtained from the present 

study is close to that reported by Deglon and Meyer (2006), Lee and Yianneskis (1994) and 

Stoots and Calabrese (1995) respectively. Thus, the present CFD model accurately predicts 

the general flow characteristics of the standard reactor vessel. 
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(g)  

 

:   = 0.753, :   = 0.86, :   = 0.914, :   = 0.968, :   = 1.022, :   = 1.29,  

:   = 1.505, :   = 2.15 

Figure 4.8: Angular profiles of 
  

    
, 

  

    
 and 

  

    
 at various    around the impeller 

4.6 Predictive capability of the present CFD model 

The present section evaluates the predictive performance of the completely verified CFD 

model by comparing the predictions of    ,     and local profiles of 
  

    
 and 

 

    
  with the 

corresponding results from the experiments, LES approach and other complex turbulence 

models available in the literature. The particular care was given to the turbulent kinetic energy 

and turbulence dissipation rate which are normally under predicted in the majority of the CFD 

modelling works related with the stirred reactors. The axial and radial profiles of 
  

    
 and 

 

    
  

from the present study and that from the various other literature are compared in Figures 

4.9(a)-4.9(d) respectively. 

 

 

𝒖𝒂
𝒖𝒕𝒊𝒑

 

𝒛 = 2.58 

Angle (º) 



110 
 

 
              

 

(a) 

: Experimental study (Wu and Patterson 1989), : LES (Derksen and Van den Akker 1999), 

: EASM (Feng et al. 2012), : ASM (Sun et al. 2002), :      model (Sun et al. 

2002), : Present study 

 

                   
 

                    (b) 

: Experimental study (Murthy and Joshi 2008), : LES (Murthy and Joshi 2008), : 

     model (Murthy and Joshi 2008), : RSM (Murthy and Joshi 2008), : Present study 

 

 

(c) 

: Experimental study (Wu and Patterson 1989), :      model (Singh et al. 2011), : 

SST model (Singh et al. 2011), : SST-CC model (Singh et al. 2011), : SSG-RSM (Singh et al. 

2011), : SAS-SST model (Singh et al. 2011), : Present study 

𝒛
 𝒅

 

𝒓 𝒅=0.222 

𝒖𝒓
𝒖𝒕𝒊𝒑

 

𝒖𝒓
𝒖𝒕𝒊𝒑

 

𝒓 𝑹=1.07 

𝒌

𝒖𝒕𝒊𝒑
𝟐  

𝟐
𝒛
 𝒃

 

𝒓 𝑹 

𝒛 𝒅=0.333 



111 
 

 

 

 

(d) 

: Experimental study (Wu and Patterson 1989), :      model (Singh et al. 2011), : 

SST model (Singh et al. 2011), : SST-CC model (Singh et al. 2011), : SSG-RSM (Singh et al. 

2011), : SAS-SST model (Singh et al. 2011), : Present study 

 Figure 4.9: Comparison of local profiles of 
  

    
 and 

 

    
  from the present study with that from the various 

other literature 

The axial profiles of 
  

    
 at a radial distance of 6 cm from the impeller tip predicted from the 

present CFD model and that reported in the various literature are compared in Figure 4.9(a). 

The axial profile of 
  

    
 predicted by the present CFD model closely matches with the 

corresponding profiles given by Derksen and Van den Akker (1999) through experimental 

and LES approaches respectively. Moreover, the axial profile of 
  

    
 predicted by the present 

CFD model was found to be better than that reported by Feng et al. (2012) using the EASM as 

well as by Sun et al. (2002) using the ASM and standard     model respectively. The 

present CFD model accurately predicts the magnitude and location of peak 
  

    
 whereas the 

EASM of Feng et al. (2012) as well as ASM and standard     model of Sun et al. (2002) 

substantially under predict the peak magnitude of 
  

    
. However, the location of peak 

  

    
 

from the latter studies were found to be below the corresponding location specified by Wu 

and Patterson (1989) using the experimental approach. 

The radial profiles of 
  

    
 along the impeller centre-plane obtained from the present CFD 

model and that reported in the various literature are illustrated in Figure 4.9(b). The radial 

profile of 
  

    
 obtained from the present CFD model is in good agreement with the 
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corresponding profile obtained from the experimental study of Murthy and Joshi (2008). The 

magnitudes of 
  

    
 near the impeller as well as in the bulk circulation region of the vessel were 

accurately predicted by the present CFD model. However, the LES and standard     models 

of Murthy and Joshi (2008) under predict the 
  

    
 near the impeller and over predict the same 

in the bulk circulation region of the vessel. Moreover, both of these models exhibit significant 

fluctuations of 
  

    
 along the entire radial profile considered for the analysis. The RSM 

approach employed by Murthy and Joshi (2008) provides adequate predictions of the 
  

    
 

along the entire radial profile considered for the analysis. 

The axial profiles of 
 

    
  near the impeller tip predicted from the present CFD model and that 

reported in the various literature are shown in Figure 4.9(c). The axial profile of 
 

    
  predicted 

from the present CFD model is close to the corresponding profile given by Wu and Patterson 

(1989) using experimental approach and better than obtained from the various turbulence 

models employed by Singh et al. (2011). The upper peak magnitude of 
 

    
  is accurately 

predicted while the lower peak magnitude of 
 

    
  is slightly over-predicted by the present 

CFD model. The standard     model of Singh et al. (2011) over-predicts 
 

    
  in the major 

portion of the axial profile considered while the SAS-SST, SST-CC and SSG-RSM models of 

Singh et al. (2011) considerably under predict the same and failed even to capture the trend of 

corresponding experimental profile. The SST model employed by Singh et al. (2011) 

significantly under predicts the magnitude of 
 

    
  along the entire axial profile considered 

although the corresponding axial profile qualitatively matches with the experimental profile 

reported by Wu and Patterson (1989).  

The radial profiles of 
 

    
  along the impeller centre-plane obtained from the present CFD 

model as well as that reported in the various other literature are illustrated in Figure 4.9(d). 

The 
 

    
  increases with increase in the radial distance from the impeller, attain peak magnitude 

at     of 1.5 and decrease further towards the periphery of the reactor vessel (Singh et al. 

2011). The SST model of Singh et al. (2011) considerably over predicts the magnitude of 
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along the radial profile considered for the analysis while the SSG-RSM of Singh et al. (2011) 

under predicts the respective magnitude and generates a wider profile of the same. The 

standard     model of Singh et al. (2011) provides higher magnitude of 
 

    
  near the 

impeller which decrease considerably with the radial distance from the impeller and failed 

even to qualitatively capture the trend of variation of 
 

    
  as obtained from the experimental 

study of Wu and Patterson (1989). The SAS-SST and SST-CC models employed by Singh et 

al. (2011) qualitatively predict the radial profile of 
 

    
  while the location of the peak 

 

    
  

obtained from both the models were shifted away from the corresponding location specified in 

the experimental profile. The radial profile of 
 

    
  obtained from the present CFD model 

qualitatively matches with the respective experimental profile although the magnitude was 

under predicted at several locations in the radial profile. Moreover, the predictions of 
 

    
  

from the present CFD model were found to be better than that obtained from the standard 

    model of Singh et al. (2011). 

The percentage errors associated with the predictions of     and     as well as the energy 

imbalance allied with the present CFD model and various other modelling approaches 

available in the literature are specified in Table 4.3.  
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Table 4.3: Comparison of the percentage errors associated with     and     from the present study as 

well as from the various other literature considered for the analysis 

Sl 

No. 
Authors 

 

Turbulence 

model 

adopted 

Percentage 

error related 

with     

Percentage error 

related with     

Energy 

imbalance 

{
       

   
} (%) 

1 Singh et al. (2011) 
Standard 

    model 
14.00 2.00 10.53 

2 Singh et al. (2011) SST 30.00 2.00 21.54 

3 Singh et al. (2011) SAS-SST 38.00 4.00 24.64 

4 Singh et al. (2011) SSG-RSM 30.00 10.00 15.38 

5 Singh et al. (2011) SST-CC 32.00 10.00 31.82 

6 Murthy and Joshi (2008) 
Standard 

    model 
3.92 23.53 20.41 

7 Murthy and Joshi (2008) RSM 1.96 19.61 18.00 

8 Murthy and Joshi (2008) LES 1.96 7.84 9.62 

9 Yeoh et al. (2004) LES - 15.00 - 

10 Yeoh et al. (2004) RANS - 45.00 - 

11 Delafosse et al. (2008) URANS 20.00 10.00 25.00 

12 Delafosse et al. (2008) LES 20.00 20.00 33.33 

13 Present study 
Standard 

    model 
5.00 10.00 5.26 

 

The     and     were accurately predicted with errors less than 5% and 10% respectively by 

the present CFD model as well as the LES approach employed by Murthy and Joshi (2008). 

Although, the     was accurately predicted by the standard     model and RSM adopted by 

Murthy and Joshi (2008), the     was significantly under predicted by these models with 

errors more than 15%. On the other hand, the     was accurately predicted by the standard 

   , SST, SST-CC, SSG-RSM and SAS-SST models used by Singh et al. (2011) whereas 

the     was considerably under predicted by these models with errors more than 12%. 

Moreover, the LES and URANS models adopted by Delafosse et al. (2008) under predicted 

the     and     by errors more than 10%. Further, the LES and RANS models employed by 

Yeoh et al. (2004) provide inferior predictions of     with errors more than 15%. Also, the 

present CFD model produces least energy imbalance within the reactor vessel among the 

various other modelling approaches considered for the comparative analysis. Various 
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researchers (Murthy and Joshi 2008; Singh et al. 2011) have mentioned that     is a more 

reliable and accurate estimate of the impeller power number as compared to the     since the 

standard     model considerably under predicts the turbulence dissipation rate which is 

used for the calculation of    . However, results from the present research work illustrates 

that the proper minimization of various sources of numerical error significantly improves the 

prediction of turbulence dissipation rate from the standard     model which in turn provides 

superior prediction of the     which is equally reliable and accurate as     (energy imbalance 

of 5.26%).  

The extensive comparative analyses performed so far elucidates that RANS approach with 

standard     model closure can provide accurate predictions of the mean and turbulent flow 

fields if various sources of numerical error are properly minimized. The mean and turbulent 

flow field predictions from the present CFD model were found to be close to the 

corresponding results from the experimental and LES methods specified in the literature. 

Moreover, the predictions from the present CFD model were found to be better than that 

obtained from the various complex turbulence models specified in the literature. The 

prediction of turbulent kinetic energy needs to be emphasized since the present study 

accurately predicts the same near the impeller while many of the researchers have experienced 

even 50% under prediction of the same close to the impeller (Liu 2016). The past studies have 

attempted to improve the accuracy of flow field predictions, turbulent quantities in particular 

by adopting complex or advanced turbulence model closures. However, such attempts failed 

to specify a single turbulence model which can accurately predict the various mean and 

turbulent flow fields related with the reactor vessels. For example, the SST-CC model 

recommended by Singh et al. (2011) has accurately predicted the radial profile of turbulent 

dissipation rate as compared to the remaining turbulence models considered for the analysis 

while the     and     were significantly under predicted. On the other hand, the SSG-RSM 

adopted by Singh et al. (2011) has provided accurate predictions of     and     while the 

local profiles of mean velocity and turbulent kinetic energy were considerably under predicted 

as compared to the remaining turbulence models considered for the analyses. The mixed and 

confusing conclusions obtained from the various turbulence model closure have posed 

difficulties in selecting a single turbulence model for simulating the flow features related with 

the reactor vessels. Moreover, various research works considered for the comparative analyses 

weren‘t properly minimized the numerical errors arising from the grid resolution and 
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numerical discretization scheme respectively. The studies of Delafosse et al. (2008), Singh et 

al. (2011), Sun et al. (2002) and Yeoh et al. (2004) didn‘t perform any stringent grid 

independence studies while Feng et al. (2012) have used lower order power-law scheme for 

modelling the flow fields associated with the reactor vessels. In addition to this, Singh et al. 

(2011) and Yeoh et al. (2004) have adopted half of the geometry of the reactor vessel for the 

CFD simulations which isn‘t an appropriate assumption for a reactor system involving 

complex three dimensional inhomogeneous turbulent flows (Jenne and Reuss 1999). 

Therefore, one of the possible reasons for the mixed conclusions regarding the performance of 

various turbulence models is the inadequate verification of numerical errors associated with 

the CFD model. The increase in the complexity of the turbulence model closure increases the 

number of closure equations to be solved along with the conservation equations. The solution 

of large number of algebraic equations increases the numerical diffusion errors and eventually 

affects the accuracy of the flow field predictions (Joshi et al. 2011). This is another possible 

reason for the mixed conclusions regarding the performance of various turbulence models. 

However, the present study illustrates that the proper minimization of various sources of 

numerical error associated with the CFD model can provide accurate predictions of the 

various mean and turbulent flow fields from the standard     model. Thus, the verification 

of numerical errors associated with the CFD model plays a crucial role in the accuracy of the 

flow field predictions regardless of the complexity of the turbulence model employed. 

4.7 Conclusions 

A CFD model for the standard configuration of the reactor vessel was successfully developed 

and numerical errors arising from grid resolution, grid type, numerical discretization scheme 

and position of MRF boundary associated with the CFD model were properly minimized so as 

to achieve reliable predictions of the mean and turbulent flow fields. Finally, the mean and 

turbulent flow fields obtained from the completely verified CFD model were compared with 

the corresponding results obtained from the experimental studies, LES approach and other 

complex turbulence models specified in the literature so as to evaluate the accuracy of the 

predictions from the present CFD model. 

The grid resolution significantly affects the accuracy and numerical convergence of the 

various flow field quantities and its impact on the turbulent flow fields is more predominant 

as compared to the mean flow fields. The grid having more than 7 million elements was found 
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to provide grid independent solutions of the various mean and turbulent flow fields. The grid 

convergence of     was difficult and required more number of iterations among the various 

mean and turbulent flow fields and hence recommended as a monitoring parameter for 

evaluating the grid independence of the CFD models of the reactor vessels. Among the hybrid 

and tetrahedral grid types, the hybrid grid provides accurate prediction of the mean and 

turbulent flow fields with less magnitude of GCI and computational time as compared to the 

tetrahedral grid. Thus, the hybrid grid was used for the further CFD simulations in the present 

research work. The higher order schemes such as second order upwind, third order QUICK 

and third order MUSCL schemes provided accurate predictions of various mean and turbulent 

flow fields as compared to the lower order schemes such as first order upwind and power-law 

scheme respectively. Therefore, the second order upwind scheme was employed for further 

CFD simulations in the present research work. The impact of position of MRF boundary on 

the flow fields associated with the reactor vessel was analysed by varying    and    in a 

systematic manner around the impeller. The medium 
  

 
 (1.51-1.94) and large 

  

 
 (±0.2) were 

found to be optimal for modelling the rotation of the impeller and the proper balance between 

the         and          was specified as a general criterion for selecting the   
  and 

  
  for modelling the impeller rotation. Since this criterion is based on the principle of 

conservation of angular momentum, it can be applied to any configuration of the reactor 

vessel agitated using any type of impeller. 

The present CFD model accurately predicts the general features of mean velocities and 

periodic characteristics of the same surrounding the RT impeller. The completely verified 

CFD model provides accurate predictions of     and     which are better than that obtained 

from the LES approach and other complex turbulence models respectively. Moreover, the 

energy imbalance associated with the present CFD model was found to be the least among the 

various modelling approaches considered for the comparative analysis. The local profiles of 

  

    
 predicted from the present CFD model were close to the corresponding profiles obtained 

from the experimental and LES approaches respectively. Moreover, the local profiles of 
  

    
 

obtained from the present CFD model were better than that obtained from the other complex 

turbulence models reported in the literature. The local profiles of 
 

    
  predicted from the 

present CFD model were close to the corresponding profiles obtained from the experimental 

studies and better than that obtained from the other complex turbulence models reported in the 
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literature. Thus, the RANS approach with standard     model closure is an effective tool 

for modelling the reactor vessels if the various sources of numerical error are properly 

minimized. 
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Chapter 5 

Effect of aeration tank parameters on flow field 

characteristics and performance goals 

5.1 General 

The geometric and dynamic parameters of the surface aeration tanks control the entrainment 

of air into the vessel. Earlier studies (Deshmukh and Joshi 2006; Patil et al. 2004; Rao et al. 

2009) have determined the optimal configuration of the same for achieving maximum oxygen 

transfer into the reactor vessel. The study of Motamedvaziri and Armenante (2012) has found 

considerable variations in the flow patterns and power number under aeration conditions as 

compared to the non-aeration conditions. However, the physical reasons causing such 

variations in the flow patterns and power number during the aeration process are unknown to 

the research community which need to be studied in detail so as to obtain the optimal design 

of the surface aeration tanks. Thus, the present chapter attempts to provide physical reasons 

causing variations in the flow patterns,     and oxygen transfer (in terms of gas hold-up) with 

variations in the geometric and dynamic parameters of the surface aeration tank. The flow 

behaviour of the surface aeration tank under various geometric and dynamic conditions was 

analysed for this purpose using the mean pressure coefficient, trailing vortex patterns, 

turbulent kinetic energy and turbulent intensity field near the impeller as well as in the bulk 

circulation region of the vessel. The key parameters affecting the aeration process such as 
 

 
, 
 

 
 

and   were considered for the analysis. Moreover, the optimal     and     required for 

achieving superior mixing conditions in the aeration tank was also determined using the 

underlying patterns of turbulent kinetic energy and turbulent intensity respectively. The 
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comprehensive flow field analysis pertaining to each tank parameter is described in the 

sections given below. 

5.2 Impeller clearance 

The effect of impeller clearance on the flow patterns,    ,   , oxygen transfer and mixing 

characteristics of the reactor vessel were analysed in the sub-sections from 5.2.1 to 5.2.4. The 

 

 
 was varied in a wide spectrum ranging between 0.32-2.79. Both the single phase and 

multiphase simulations were performed to understand the physical reasons causing variations 

in the performance goals with 
 

 
. 

5.2.1 Flow patterns  

The mean flow patterns developed under various 
 

 
 were analysed and following inferences 

were drawn. The 
 

 
 in the range of 0.65-1.94 (medium 

 

 
 or medium clearance) develops 

discharge streams which move radially behind the impeller blades and strike on the tank 

periphery to provide two circulation loops below the impeller and two circulation loops above 

the impeller respectively. This type of flow pattern is known as double re-circulation or 

double loop or double eight pattern (Zhu et al. 2019). The double loop pattern is characterised 

by high magnitude of velocity around the impeller representing strong jet action of the 

discharge stream and substantial velocity magnitude in the bulk circulation region. The high 

velocities in major part of the double loop pattern leads to bulk mixing of the fluid contained 

within the vessel. The double loop pattern associated with the vessel having 
 

 
 of 0.97 is 

shown in Figure 5.1(b). The 
 

 
 less than 0.65 (low 

 

 
 or low clearance vessel) provide 

discharge streams which move axially downward, strike on the bottom surface of the reactor 

vessel to generate two major vortices above the impeller. This type of flow pattern is known 

as single re-circulation or single loop or single eight pattern (Montante et al. 2001). The single 

loop pattern associated with 
 

 
 of 0.32 is shown in Figure 5.1(a). Since the discharge streams 

are directed downward under the low clearance conditions, this pattern can be precisely called 

as single loop down-pumping pattern. The single loop down-pumping pattern produces high 

velocities near the bottom surface of the tank and inferior velocities in the other portions of 

the tank resulting in localized mixing near the bottom surface of the tank. The secondary 
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circulation loops can be seen near the top surface of the tank, near the top corners of the tank 

and below the bottom surface of the blades as shown in Figure 5.1(a). The 
 

 
 more than 1.94 

(high 
 

 
 or high clearance vessel) provide discharge streams which move axially upward, 

strike on the free liquid surface of the vessel to develop single loop pattern. The single loop 

pattern associated with 
 

 
 of 2.58 is illustrated in Figure 5.1(c). Since, the discharge streams 

are directed upward under the high clearance conditions, this pattern can be named as single 

loop up-pumping pattern. The single loop up-pumping pattern produces high velocities near 

the free liquid surface and inferior velocities in the remaining portions of the vessel resulting 

in localized mixing near the free liquid surface of the reactor vessel. The secondary 

circulation loops can be seen above the top surface of the blades and near the free liquid 

surface as shown in Figure 5.1(c). Thus, the low clearance as well as high clearance 

conditions cause transition from standard double loop to single loop pattern and significant 

variations in the underlying mixing characteristics.  

    
(a) (b) (c)  

Figure 5.1: Flow patterns along the mid-baffle plane associated with the 
 

 
 of (a) 0.32, (b) 0.97 and (c) 

2.58  

The contours of    along the mid baffle plane associated with the 
 

 
 of 0.32, 0.97 and 2.58 are 

considered for explaining the physical reasons causing the transition from double loop to 

single loop pattern as illustrated in Figures 5.2(a)-5.2(c) respectively. The vessel with 
 

 
 of 

0.97 develops low pressure region behind the impeller blades and uniform distribution of high 

pressure in the remaining portions of the reactor vessel (Fig. 5.2(b)) resulting in the formation 

of radial flow fields behind the impeller blades and the classic double re-circulation pattern 

within the reactor vessel. On the other hand, the vessel with 
 

 
 of 0.32 develops distinct low 

pressure region below the impeller (Fig. 5.2(a)) which drags the discharge streams towards 
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the bottom surface of the reactor vessel leading to the development of single loop down-

pumping pattern. Similarly, the vessel with 
 

 
 of 2.58 provides a distinct low pressure region 

above the impeller (Fig. 5.2(c)) which pulls the discharge streams towards the free-liquid 

surface resulting in formation of single loop up-pumping pattern. Thus, the distribution of low 

pressure region surrounding the impeller causes transition from double loop to single loop 

pattern under low clearance as well as high clearance conditions respectively. 

    
(a) (b) (c)  

Figure 5.2: Contours of    along the mid-baffle plane associated with the 
 

 
 of (a) 0.32, (b) 0.97 and (c) 

2.58 

5.2.2 Power number 

The variation of     with 
 

 
 is shown in Figure 5.3. The vessels with medium 

 

 
 exhibit similar 

values of     which are 35% more than that obtained for the low 
 

 
 as well as high 

 

 
 

respectively (Montante et al. 1999, 2001; Motamedvaziri and Armenante 2012). The low 

clearance as well as high clearance vessels also provide similar values of    . Therefore, the 

reactor vessels with 
 

 
 of 0.32, 0.97 and 2.58 were considered further for elucidating the 

physical reasons causing the reduction in the     under low 
 

 
 and high 

 

 
 conditions.  
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Figure 5.3: Variation of     with 
 

 
  

The contours of trailing vortices along the impeller centre-plane associated with 
 

 
 of 0.32, 

0.97 and 2.58 are shown in Figures 5.4(a)-5.4(c) respectively. The 
 

 
 of 0.97 develops large 

trailing vortices (Fig. 5.4(b)) which increases the intensity of low pressure regions (or flow 

separation regions) behind the impeller blades. The strong flow separation regions decrease 

the pressure on the suction side of the blades which in turn increase the pressure difference 

between the suction and pressure sides of the blades (Fig. 5.2(b)). The high pressure 

difference between the suction and pressure sides of the blades increase the form drag and 

torque related with the impeller. The high value of the impeller torque increases the 

corresponding     magnitude. The front side of the impeller blade is indicated as the pressure 

side of the blade which is shown on the right side of the shaft in the contour plots (Fig. 5.2(a)-

5.2(c)) while rear side of the impeller blade is indicated as the suction side of the blade which 

is shown on the left side of the shaft in the contour plots (Fig. 5.2(a)-5.2(c)). The 
 

 
 of 0.32 

and 2.58 provide small trailing vortices (Fig. 5.4(a) and 5.4(c)) which decrease the intensity of 

flow separation regions behind the impeller blades. The weak flow separation regions increase 

the pressure on the suction side of the blades which in turn decrease the pressure difference 

between the suction and pressure sides of the blades (Fig. 5.2(a) and 5.2(c)). The low pressure 

difference between the suction and pressure sides of the blades decrease the form drag and 

torque related with the impeller. The low value of impeller torque decreases the 

corresponding     magnitude. Thus, the reduction in the intensity and extent of trailing 

vortices under the low clearance and high clearance conditions decrease the corresponding 

    magnitude as compared to the medium clearance conditions. Hence, the distribution of 

trailing vortices surrounding the impeller controls the power number of the corresponding 

reactor vessel. 
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(a) (b) (c)  

Figure 5.4: Contours of trailing vortices along impeller centre-plane for the 
 

 
 of (a) 0.32, (b) 0.97 & (c) 

2.58 

The variation of    with 
 

 
 is shown in Figure 5.5. The medium clearance vessels provide 

similar magnitude of    which are 35% more than that from the low clearance as well as high 

clearance vessels respectively. Moreover,    values of the low clearance and high clearance 

vessels are also similar in nature. Thus, the medium clearance vessels provide superior 

pumping of the liquid within the vessel as compared to the low and high clearance vessels 

respectively. As represented in Figure 5.3, the medium clearance vessels develop high     as 

compared to the low clearance and high clearance vessels respectively. The pattern of 

variation of    with 
 

 
 is highly similar to the pattern of variation of     with 

 

 
 indicating that 

the power drawn by the impeller is mainly used for pumping the liquid contained within the 

reactor vessel. Therefore, the high power consumed by the medium clearance vessels is used 

for pumping the liquid which in turn increases the mixing performance of the same in 

comparison with the low and high clearance vessels respectively. 
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Figure 5.5: Variation of    with 
 

 
  

5.2.3 Oxygen transfer  

The variation of gas hold-up with 
 

 
 is shown in Figure 5.6. It can be seen that the standard 

reactor vessel with 
 

 
 of 0.97 produces negligible gas hold-up while the high clearance vessels 

increases the gas hold-up and the vessel with the 
 

 
 of 2.79 provides maximum entrainment of 

air into the reactor vessel. Therefore, the reactor vessels with 
 

 
 of 0.97, 2.26 and 2.79 were 

considered for the further analysis including the description of physical reasons causing the 

oxygen transfer into the reactor vessel. 

 
 

 

Figure 5.6: Variation of gas hold-up with 
 

 
  

The contours of volume fraction of air along the mid baffle plane for 
 

 
 of 0.97, 2.26 and 2.79 

are illustrated in Figures 5.7(a)-5.7(c) respectively. The vessel with 
 

 
 of 0.97 provides 
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undisturbed air-water interface (Fig. 5.7(a)) while 
 

 
 of 2.26 causes deformation and deflection 

of the air-water interface resulting in the formation of a free surface vortex around the 

impeller shaft (Fig. 5.7(b)). The free surface vortex increases the interfacial area manifold 

times as that of the undisturbed air-water interface due to high shearing action of the impeller 

which leads to considerable increase in the entrainment of air into the reactor vessel 

(Motamedvaziri and Armenante 2012). At 
 

 
 of 2.79, the free surface vortex touches the 

impeller surface leading to the flooding of air bubbles into the reactor vessel. The vessel with 

 

 
 of 2.79 provides 53% increase in the gas hold-up as compared to the vessel with 

 

 
 of 2.26, 

indicating significant rise in the oxygen transfer under the impeller flooding conditions. In 

general, the high clearance vessels are suitable for the surface aeration process and the RT 

impeller located near the free liquid surface provides maximum entrainment of air with less 

power consumption.  

 
 

 
 

 
  

(a) (b) (c)  

Figure 5.7: Contours of volume fraction of air along the mid-baffle plane associated with the 
 

 
 of (a) 

0.97, (b) 2.26 and (c) 2.79 (Black line in figures indicate air-water interface before the commencement 

of simulations) 

It is evident from Figure 5.2(c) that the high clearance vessels develop a low pressure region 

near the free liquid surface which pulls the discharge streams towards the free liquid surface. 

The strong discharge streams behave like liquid jets which strike on the free liquid surface to 

develop significant wave action and subsequent deformation of the same (Patil et al. 2004). 

The contours of   and   along the mid-baffle plane associated with 
 

 
 of 0.97, 2.26 and 2.79 

are shown in Figures 5.8-5.9 respectively. The 
 

 
 of 2.26 and 2.79 develop high magnitudes of 

  and   above the impeller up to the free liquid surface resulting in the formation of a free 
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surface vortex around the impeller shaft. Moreover, high magnitude of 
 

    
  can be observed 

near the free liquid surface of the vessels with 
 

 
 of 2.26 and 2.79 (Fig. 5.10(b) and 5.10(c)) 

which also helps in deformation of the free liquid surface and subsequent entrainment of air 

into the reactor vessel. The shearing action of the impeller breaks the deformed surface 

causing entrapment of air bubbles and subsequent dispersion of the same in the bulk liquid 

contained within the vessel (Durve and Patwardhan 2012). Thus, the low pressure region 

developed near the free liquid surface and the presence of high turbulent quantities near the 

free liquid surface causes the entrainment of air into the reactor vessel. 

 
(a) 

 
(b) 

 
(c)  

Figure 5.8: Contours of   along the mid-baffle plane associated with 
 

 
 of (a) 0.97, (b) 2.26 and (c) 2.79 

(White line in figures indicate air-water interface before the commencement of simulations) 

 
(a) 

 
(b) 

 
(c)  

Figure 5.9: Contours of   along the mid-baffle plane associated with 
 

 
 of (a) 0.97, (b) 2.26 and (c) 2.79 

(White line in figures indicate air-water interface before the commencement of simulations) 
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(a) 

 
(b) 

 
(c)  

Figure 5.10: Contours of 
 

    
  along the mid-baffle plane associated with 

 

 
 of (a) 0.97, (b) 2.26 and (c) 

2.79 (White line in figures indicate air-water interface before the commencement of simulations) 

5.2.4 Mixing characteristics 

The mixing characteristics associated with the reactor vessels having 
 

 
 of 0.32, 0.97 and 2.58 

are evaluated using the contours of trailing vortices and 
 

    
  along the mid-baffle plane as 

shown in Figures 5.11 and 5.12 respectively. The 
 

 
 of 0.97 (standard configuration) provides 

symmetric pair of trailing vortices above and below the impeller centre-plane which move 

radially towards the tank periphery and strike on the tank periphery to develop superior vortex 

activity in the entire domain of the reactor vessel (Fig. 5.11(b)). Similarly, high magnitude of 

 

    
  can be observed around the impeller as well as in bulk circulation region of the vessel 

having 
 

 
 of 0.97 as shown in Figure 5.12(b). The superior vortex and turbulent activity in the 

entire domain of the vessel results in bulk mixing of the fluid contained within the reactor 

vessel. The 
 

 
 of 0.32 generates a pair of trailing vortices below the impeller and no vortex 

activity can be observed above the impeller (Fig. 5.11(a)). However, these trailing vortices are 

shed out in axial manner which enhances the mixing near the bottom surface of the reactor 

vessel (Fig. 5.11(a)). Also, significant vortex activity was generated below the impeller which 

extends towards the bottom surface of the reactor vessel. The contour of 
 

    
  exhibits superior 

turbulence activity near the bottom region of the vessel at 
 

 
 of 0.32 as illustrated in Figure 

5.12(a). The high vortex and turbulence activity below the impeller leads to the development 

of localized mixing effect which helps in lifting the solid particles off the bottom surface of 
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the vessel and keep them suspended in the bulk liquid. Thus, the low clearance vessels are 

widely adopted for the solid-liquid suspension processes in the industries. The 
 

 
 of 2.58 

generates a pair of trailing vortices above the impeller and no vortex action can be observed 

below the impeller (Fig. 5.11(c)). However, these trailing vortices are shed in axial manner 

which enhances the mixing above the impeller (Fig. 5.11(c)). Also, considerable vortex 

activity was produced above the impeller which extends towards the top surface of the reactor 

vessel. The contour of 
 

    
  also shows significant turbulence activity in the region above the 

impeller of the reactor vessel at 
 

 
 of 2.58 as illustrated in Figure 5.12(c). The high vortex and 

turbulence activity near the tank top surface results in the development of localized mixing 

which helps in the entrainment of air into the reactor vessel. Thus, the high clearance vessels 

are adopted for the surface aeration process in the wastewater treatment industries. 

    
(a) (b) (c)  

Figure 5.11: Contours of trailing vortices along the mid-baffle plane associated with 
 

 
 of (a) 0.32, (b) 

0.97 and (c) 2.58 

    
(a) (b) (c)  

Figure 5.12: Contours of 
 

    
  along the mid-baffle plane associated with 

 

 
 of (a) 0.32, (b) 0.97 and (c) 

2.58  
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Thus, the medium impeller clearance provides double loop pattern and high vortex and 

turbulence activity in the entire domain of the vessel resulting in bulk mixing. On the other 

hand, the low clearance vessels develop single loop down-pumping pattern and high vortex 

and turbulence activity below the impeller leading to localized mixing near the bottom surface 

of the reactor vessel. The high clearance vessels generate single loop up-pumping pattern and 

high vortex and turbulence activity above the impeller resulting in localized mixing near the 

top surface of the reactor vessel. Hence, the variations in 
 

 
 causes changes in the underlying 

flow patterns, vortex and turbulence characteristics which eventually controls the mixing 

performance of the same. 

The 
 

 
 is a key geometric parameter which considerably affects the flow fields and 

performance characteristics of the reactor vessels. The double loop pattern associated with the 

medium clearance conditions changes into single loop pattern under low and high clearance 

conditions respectively. The development of low pressure region above the impeller of high 

clearance vessels direct the discharge stream upwards resulting in the formation of single loop 

up-pumping pattern. On the other hand, the development of low pressure region below the 

impeller of low clearance vessels direct the discharge stream downwards resulting in the 

formation of single loop down-pumping pattern. The radial discharge stream and trailing 

vortices associated with the medium clearance vessels are directed upwards and downwards 

under the high and low clearance conditions respectively. The upward and downward 

movement of trailing vortices associated with the high and low clearance vessels reduce the 

length of trailing vortices which in turn reduce the form drag and     associated with the 

respective reactor configurations. The double loop pattern provide bulk mixing of the fluid 

contained within the reactor vessel while the single loop up-pumping and down-pumping 

patterns develop localized mixing near the top and bottom surfaces of the reactor vessel 

respectively. The high clearance vessels provide substantial oxygen transfer into the reactor 

vessel due to the development of free surface vortex around the impeller shaft. The free 

surface vortex is produced due to the low pressure region generated above the impeller and 

significant increase in the turbulent quantities near the free liquid surface. The free surface 

vortex touches the impeller surface of the reactor vessel at 
 

 
 of 2.79 resulting in the flooding 

of air bubbles and significant increase in the gas hold-up in the reactor vessel.  

 



135 
 

5.3 Tank diameter 

The physical reasons causing variations in the performance goals with 
 

 
 are analysed in the 

following sub-sections from 5.3.1 to 5.3.3. The 
 

 
 was varied in the range of 2.5-4.5 so that the 

variations of the flow fields from the standard reactor configuration can be analysed.  

5.3.1 Flow patterns 

The flow patterns developed under various 
 

 
 were analysed and the following inferences were 

drawn. The standard reactor vessel with 
 

 
 of 2.90 provides double loop pattern while the large 

reactor vessel with 
 

 
 of 4.30 (large 

 

 
) produces single loop pattern as shown in Figures 

5.13(a) and 5.13(b) respectively. The double loop pattern is characterised by high velocities 

near the impeller as well as in the bulk circulation region of the reactor vessel. These 

conditions provide bulk mixing of the fluid contained within the reactor vessel. The vessel 

with 
 

 
 of 4.30 develops discharge stream which move axially downwards, strike on the 

bottom surface of the reactor vessel to generate two major vortices in the reactor vessel. This 

type of flow pattern is known as single loop pattern. Since the discharge stream is directed 

towards the bottom surface of the reactor vessel, the flow pattern thus developed can be 

precisely called as single loop down-pumping pattern which is similar to that obtained from 

low 
 

 
. However, two secondary circulation loops can also be observed below the impeller as 

well as near the free liquid surface as shown in Figure 5.13(b). Thus, increase in the diameter 

of the reactor vessel causes transition from standard double loop to single loop down-

pumping pattern and significant variations in the underlying mixing characteristics. 
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(a) (b)  

Figure 5.13: Flow patterns along the mid-baffle plane associated with the 
 

 
 of (a) 2.90 and (b) 4.30 

(Black line in figures indicates air-water interface before the commencement of simulations) 

The contours of    along the mid-baffle plane for the reactor vessels with 
 

 
 of 2.90 and 4.30 

as shown in Figures 5.14(a) and 5.14(b) were analysed to explain the physical reasons causing 

the transition from double loop to single loop down-pumping pattern. The reactor vessel with 

 

 
 of 2.90 develops low pressure region behind the impeller blades and uniform distribution of 

high pressure in the remaining portions of the reactor vessel (Fig. 5.14(a)) resulting in the 

formation of standard double loop pattern. On the other hand, the vessel with 
 

 
 of 4.30 

generates distinct low pressure region below the impeller (Fig. 5.14(b)) which drags the 

discharge stream towards the bottom surface of the reactor vessel leading to the formation of 

single loop down-pumping pattern. Thus, the development of low pressure region below the 

impeller with increase in 
 

 
 causes the transition from double loop pattern to single loop down-

pumping pattern. 
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(a) (b)  

Figure 5.14: Contours of    along the mid-baffle plane associated with the 
 

 
 of (a) 2.90 and (b) 4.30 

(Black line in figures indicates air-water interface before the commencement of simulations) 

5.3.2 Power number 

The variation of     with 
 

 
 is shown in Figure 5.15. The     was found to decrease with the 

increase in 
 

 
 of the reactor vessel. The vessels with 

 

 
 of 2.58 and 2.90 have provided similar 

values of     which decreased by 30% with the increase in 
 

 
 to 4.30. The vessels with 

 

 
 of 

3.76 and 4.30 have provided similar values of    . Thus, 
 

 
 of the reactor vessel considerably 

affects the     magnitude and based on this pattern of variation, the reactor configurations 

having 
 

 
 of 2.90 and 4.30 were considered for the further analysis.  

 
 

 

Figure 5.15: Variation of    with 
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The contours of trailing vortices along the impeller centre-plane for the reactor configurations 

having 
 

 
 of 2.90 and 4.30 as shown in Figures 5.16(a) and 5.16(b) are considered for 

explaining the physical reasons behind the variations of     with 
 

 
. The standard reactor 

vessel with 
 

 
 of 2.90 develops large trailing vortices (Fig. 5.16(a)) which significantly 

increases the intensity of flow separation region behind the impeller blades. The strong flow 

separation region decrease the pressure on the suction side of the blades resulting in high 

pressure difference between the suction and pressure sides of the blades (Fig. 5.14(a)). The 

high pressure difference between the suction and pressure sides of the blades increase the 

form drag and torque related with the impeller. The high value of impeller torque in turn 

increases the corresponding     magnitude of the impeller. On the other hand, the reactor 

vessel with 
 

 
 of 4.30 provides small trailing vortices (Fig. 5.16(b)) which significantly 

decrease the intensity of flow separation region behind the impeller blades. The weak flow 

separation region increase the pressure on the suction side of the blades resulting in small 

pressure difference between the suction and pressure sides of the blades (Fig. 5.14(b)). The 

small pressure difference between the suction and pressure sides of the blades decrease the 

form drag and the torque related with the impeller. The low value of impeller torque in turn 

decreases the corresponding     magnitude of the impeller. Thus, the distribution of trailing 

vortices behind the impeller blades controls the form drag and     associated with the reactor 

vessels of various scales. 

   
(a) (b)  

Figure 5.16: Contours of trailing vortices along the impeller centre-plane associated 

with 
 

 
 of (a) 2.90 and (b) 4.30  
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The variation of    with 
 

 
 of the reactor vessel is shown in Figure 5.17. The    was found to 

decrease with increase in 
 

 
 of the reactor vessel. The reactor vessels with 

 

 
 of 2.58 and 2.90 

provide similar magnitude of    which decreases by 62% with increase in 
 

 
 to 4.30. 

Moreover, the larger vessel with 
 

 
 of 3.76 and 4.30 develop similar values of   . Thus, the 

reactor vessel with 
 

 
 of 2.90 provides superior pumping of the liquid within the reactor vessel 

as compared to the larger reactor vessels. The variation of    with 
 

 
 of the reactor vessel is 

much similar to the variation of the     with 
 

 
 as illustrated in Figure 5.15. Therefore, the 

higher power consumed by the standard reactor vessel configuration is used for pumping the 

liquid which in turn increases the mixing performance of the same in comparison with the 

larger reactor vessels. 

 
 

Figure 5.17: Variation of    with 
 

 
 

5.3.3 Oxygen transfer 

The variation of gas hold-up with 
 

 
 of the reactor vessel is shown in Figure 5.18. The gas 

hold-up was found to increase with increase in 
 

 
 of the reactor vessel and attained peak 

magnitude for the vessel having 
 

 
 of 4.30. However, the gas hold-up increased only by 12% 

with increase in 
 

 
 from 2.90 to 4.30. The vessel with 

 

 
 of 2.58 has provided inferior gas hold-

up which is 51% smaller than that obtained for the vessel with 
 

 
 of 4.30. The contours of 
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volume fraction of air along the mid-baffle plane associated with the vessels having 
 

 
 of 2.90 

and 4.30 are shown in Figures 5.19(a) and 5.19(b) respectively. The reactor vessel with 
 

 
 of 

2.90 develops flat air-water interface as shown in Figure 5.19(a). The reactor vessel with 
 

 
 of 

4.30 produces slight deformation of the air-water interface as illustrated in Figure 5.19(b) 

which has resulted in minor improvements in the entrainment of air as compared to the 

standard reactor vessel. Although, significant increase in the entrainment of air doesn‘t occurs 

with the increase in 
 

 
 of the vessel, physical reasons causing such improvements in aeration 

are analysed based on the distributions of mean pressure and turbulent quantities near the free 

liquid surface. The vessel with 
 

 
 of 4.30 develops low pressure magnitude near the free liquid 

surface which increases the wave action along the free liquid surface and results in the 

deformation of the same. Moreover, high magnitude of 
 

    
  developed near the free liquid 

surface of the vessel with 
 

 
 of 4.30 (as shown in Fig. 5.20(b)) increase the deformation of the 

free liquid surface. The deformation of the free liquid surface increases the contact area 

between the air and water resulting in the entrainment of air into the reactor vessel. Thus, the 

low pressure region developed near the free liquid surface and the presence of high turbulent 

kinetic energy near the free liquid surface causes the entrainment of air into the reactor vessel. 

 
 

 

Figure 5.18: Variation of gas hold-up with 
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(a) (b)  

Figure 5.19: Contours of volume fraction of air along the mid-baffle plane associated with 
 

 
 of (a) 

2.90 and (b) 4.30 (Black line in figures indicates the air-water interface before the commencement of 

simulations) 

   

(a) (b)  

Figure 5.20: Contours of 
 

    
  along the mid-baffle plane associated with 

 

 
 of (a) 2.90 and (b) 4.30 

(White line in figures indicates the air-water interface before the commencement of simulations) 

5.3.4 Mixing characteristics 

The mixing characteristics associated with the vessels having 
 

 
 of 2.90 and 4.30 are evaluated 

using the contours of 
 

    
  and trailing vortices along the mid-baffle plane as illustrated in 

Figures 5.20 and 5.21 respectively. The reactor vessel with 
 

 
 of 2.90 develops symmetric pair 

of trailing vortices above and below the impeller centre-plane, which move radially outwards 

and strike on the periphery of the vessel to develop superior vortex activity in the entire 
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domain of the reactor vessel (Fig. 5.21(a)). Similarly, high magnitude of 
 

    
  can be observed 

near the impeller as well as in the bulk circulation region of the vessel with 
 

 
 of 2.90 

indicating significant turbulence action within the reactor vessel (Fig. 5.20(a)). The significant 

vortex and turbulence activity in the entire domain of the vessel results in bulk mixing of the 

fluid contained within the reactor vessel. On the other hand, 
 

 
 with 4.30 develops only a 

single pair of trailing vortices from the bottom corners of the blades which move downwards 

and strike on the tank bottom to provide superior vortex activity near the bottom surface of 

the reactor vessel (Fig. 5.21(b)). Moreover, high vortex action can be observed below the 

impeller region. Similarly, contours of 
 

    
  exhibits high magnitude of 

 

    
  below the impeller 

region as illustrated in Figure 5.20(b). However, no vortex or turbulence activity was 

observed above the impeller region. The superior vortex and turbulence activity near the 

bottom surface of the reactor vessel generates localized mixing effect which helps in 

suspending the solid particles within the fluid contained within the reactor vessel. Thus, the 

vessel with 
 

 
 of 2.90 can be used for bulk mixing applications while that with 

 

 
 of 4.30 can be 

applied for solid-liquid suspension process respectively. 

   
(a) (b)  

Figure 5.21: Contours of trailing vortices along the mid-baffle plane associated with 
 

 
 of (a) 2.90 and 

(b) 4.30 (White line in figures indicates air-water interface before the commencement of simulations) 

Thus, 
 

 
 is a key geometric parameter which significantly affects the flow fields and 

performance characteristics of the reactor vessels. The double loop pattern associated with the 

standard configuration of the vessel (
 

 
 of 2.90) changes into single loop pattern with the 
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increase in 
 

 
 of the vessel to 4.30. The low pressure region developed below the impeller of 

the vessel with 
 

 
 of 4.30 deflects the radially moving discharge streams downwards resulting 

in the formation of single loop down-pumping pattern. The downward movement of the 

discharge streams and trailing vortices associated with the vessel having 
 

 
 of 4.30 decreases 

the length of trailing vortices behind the blades. The decrease in the length of trailing vortices 

reduces the strength of flow separation region behind the impeller blades which in turn 

decreases the form drag and     associated with the impeller. The double loop pattern 

associated with the standard reactor vessel generates bulk mixing of the fluid contained within 

the reactor vessel while the single loop down-pumping pattern provides localized mixing near 

the bottom surface of the reactor vessel. Although, the gas hold-up associated with the vessel 

having 
 

 
 of 4.30 is less, the development of low pressure region as well as high magnitude of 

 

    
  near the free liquid surface was found to cause the entrainment of air into the reactor 

vessel. 

5.4 Impeller speed 

The variation of the performance goals with   are elucidated in the sub-sections given below. 

The   was varied in a wide spectrum ranging between 100 rpm to 400 rpm. The entire 

analysis was performed in the turbulent regime. The impeller was located at the standard 

clearance condition for the whole analysis and both the single phase as well as multiphase 

simulations were performed to study the hydrodynamic reasons causing the variations of the 

performance goals with  . 

5.4.1 Power number  

The variation of     with   is shown in Figure 5.22. The     was found to increase with the 

increase in   from 100 rpm to 200 rpm and became constant thereafter. The magnitude of     

increased by 10% with increase in   from 100 rpm to 200 rpm. Thus,   significantly affects 

the     magnitude and based on the pattern of variation obtained, the reactor vessels agitated 

at 100 rpm, 200 rpm and 400 rpm were considered for the further flow field analysis. 
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Figure 5.22: Variation of     with    

The contours of trailing vortices along the impeller centre-plane for the reactor configurations 

agitated at 100 rpm, 200 rpm and 400 rpm are shown in Figures 5.23(a)-5.23(c) respectively. 

The impellers rotated at 200 rpm and 400 rpm develop large trailing vortices (Fig. 5.23(b) and 

5.23(c)) which significantly increase the intensity of flow separation region behind the 

impeller blades. The strong flow separation region decrease the pressure on the suction side of 

the blades resulting in high pressure difference between the suction and pressure side of the 

blades (Fig. 5.24(b) and 5.24(c)). The high pressure difference between the suction and 

pressure side of the blades increase the impeller form drag and torque. The high impeller 

torque increases the corresponding     magnitude of the impeller. On the other hand, the 

impeller rotated at 100 rpm provides small trailing vortices (Fig. 5.23(a)) which considerably 

decrease the intensity of flow separation region behind the impeller blades. The weak flow 

separation region increase the pressure on the suction side of the blades leading to smaller 

pressure difference between the suction and pressure side of the blades (Fig. 5.24(a)). The 

small pressure difference between the suction and pressure side of the blades decrease the 

impeller form drag and torque. The less magnitude of impeller torque decreases the 

corresponding     magnitude of the impeller. Thus, the distribution of trailing vortices behind 

the impeller blades control the impeller form drag and     at different rotational speeds. 
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(a) (b) (c)  

Figure 5.23: Contours of trailing vortices along the impeller centre-plane for the reactor vessels 

agitated at (a) 100 rpm, (b) 200 rpm and (c) 400 rpm 

    
(a) (b) (c)  

Figure 5.24: Contours of    along the mid-baffle plane for the reactor vessels agitated at (a) 100 rpm, 

(b) 200 rpm and (c) 400 rpm (White and black lines in figures indicate the air-water interface before 

the commencement of simulations) 

The variation of    with   is shown in Figure 5.25. The    increases with the increase in   

from 100 rpm to 200 rpm and becomes constant thereafter. Thus, the impeller rotated at 

higher speed increases the pumping of the liquid within the reactor vessel. According to 

Figure 5.22, impeller rotated at higher speed also develop higher     magnitude as compared 

to the impeller rotated at smaller speeds. Therefore, the high power consumed by the impeller 

rotated at higher speed is used for pumping the liquid which in turn increases the mixing 

performance of the reactor vessel.  
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Figure 5.25: Variation of    with   

5.4.2 Oxygen transfer 

The variation of gas hold-up with   is shown in Figure 5.26. The gas hold-up was found to 

increase with increase in   of the impeller. Based on the pattern of variation of gas hold-up, 

the reactor vessels agitated at 100 rpm, 200 rpm and 400 rpm were considered for the further 

analyses. The contours of volume fraction of air along the mid-baffle plane associated with 

the reactor vessels agitated at 100 rpm, 200 rpm and 400 rpm are shown in Figures 5.27(a)-

5.27(c) respectively. The reactor vessels agitated at 100 rpm and 200 rpm provide undisturbed 

air-water interface as illustrated in Figures 5.27(a) and 5.27(b) respectively. On the other 

hand, the reactor vessel agitated at 400 rpm provides deformation of the free liquid surface 

resulting in increase in the interfacial contact area and subsequent entrainment of air into the 

reactor vessel (Fig. 5.27(c)).  

 
 

Figure 5.26: Variation of gas hold-up with   
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(a) (b) (c)  

Figure 5.27: Contours of volume fraction of air along the mid-baffle plane for the reactor vessels 

agitated at (a) 100 rpm, (b) 200 rpm and (c) 400 rpm (Black line in figures indicates air-water 

interface before the commencement of simulations) 

The physical reasons causing the entrainment of air under the high   are evaluated using the 

contours of mean flow patterns and trailing vortices along the mid-baffle plane as shown in 

Figures 5.28 and 5.29 respectively. As illustrated in Figures 5.28(a)-5.28(c), the reactor 

vessels agitated at 100 rpm and 200 rpm provide normal double loop pattern while the reactor 

vessel agitated at 400 rpm produces another small re-circulation loop below the air-water 

interface and induces another flow pattern in the form of a free surface vortex around the 

impeller shaft near the free liquid surface. The contours of trailing vortices associated with the 

reactor vessel agitated at 400 rpm also indicates the presence of a high vortex region in the 

form of a free surface vortex extending from the free liquid surface to the impeller as shown 

in Figure 5.29(c). However, such high vortex region around the impeller shaft is absent for the 

reactor vessels agitated at 100 rpm and 200 rpm respectively (Fig. 5.29(a) and 5.29(b)). 

Moreover, high   and   magnitude can be observed around the impeller shaft from the free 

liquid surface to the impeller for the reactor vessel agitated at 400 rpm as shown in Figures 

5.30(c) and 5.31(c) respectively. But such patterns of high   and   regions around the 

impeller shaft are absent for the reactor vessels agitated at 100 rpm and 200 rpm as illustrated 

in Figures 5.30(a)-5.30(b) and 5.31(a)-5.31(b) respectively. The high vortex and turbulence 

region around the impeller shaft obtained for the reactor vessel agitated at 400 rpm causes the 

deformation of the free liquid surface and subsequent entrainment of air into the reactor 

vessel. Thus, the high vortex and turbulence activity developed around the impeller shaft from 

the free liquid surface to the near impeller region causes the air entrainment into the reactor 

vessel. 
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(a) (b) (c)  

Figure 5.28: Re-circulation patterns along mid-baffle plane developed for the reactor vessels agitated 

at (a) 100 rpm, (b) 200 rpm and (c) 400 rpm (Black line in figures indicates air-water interface before 

the commencement of simulations) 

    
(a) (b) (c)  

Figure 5.29: Contours of trailing vortices along the mid-baffle plane developed for the reactor vessels 

agitated at (a) 100 rpm, (b) 200 rpm and (c) 400 rpm (White line in figures indicates air-water 

interface before the commencement of simulations) 

    
(a) (b) (c)  

Figure 5.30: Contours of   along the mid-baffle plane developed for the reactor vessels agitated at (a) 

100 rpm, (b) 200 rpm and (c) 400 rpm (White line in figures indicates air-water interface before the 

commencement of simulations) 
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(a) (b) (c)  

Figure 5.31: Contours of   along the mid-baffle plane developed for the reactor vessels agitated at (a) 

100 rpm, (b) 200 rpm and (c) 400 rpm (White line in figures indicates air-water interface before the 

commencement of simulations) 

 

As shown in Figure 5.28, reactor vessels agitated at various   provide double loop pattern 

and the intensity of discharge stream increases with increase in   of the impeller. The reactor 

vessel agitated at 400 rpm produces high magnitude of velocity near the impeller blades and 

significant velocity magnitude in the bulk circulation region of the vessel. Moreover, the 

intensity and extent of vortex activity around the impeller increases with increase in   of the 

impeller as illustrated in Figure 5.29. The reactor vessel agitated at 100 rpm generates two 

small trailing vortices above and below the impeller centre-plane as shown in Figure 5.29(a) 

while the size of trailing vortices increase with further increase in   as shown in Figures 

5.29(b) and 5.29(c) respectively. Also, the magnitude of   and   near the impeller as well as 

in the bulk circulation region increase with increase in   of the impeller as shown in Figures 

5.30 and 5.31 respectively. Thus, the reactor vessel agitated at 400 rpm develops double loop 

pattern, strong discharge streams, superior vortex and turbulence activity in the entire domain 

of the vessel resulting in the bulk  mixing of the fluid contained within the reactor vessel. The 

bulk mixing conditions thus developed will help in uniformly distributing the entrained air 

within the reactor vessel. Hence, the reactor vessel agitated at high   by keeping the impeller 

at the standard clearance condition is an effective configuration for the surface aeration 

process. 

Thus,   is an important dynamic parameter which significantly affects the flow field and 

performance goals of the reactor vessels. The impeller agitated at higher speed (200 rpm and 

400 rpm) provide large trailing vortices which increase the strength of flow separation region 

behind the impeller blades. These strong flow separation regions increase the impeller form 
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drag and     magnitude as compared to the impeller agitated at smaller speed (100 rpm). The 

gas hold-up was found to increase with the increase in   of the impeller. At higher   of 400 

rpm, a region of high vortex and turbulence activity is developed from the free liquid surface 

towards the impeller around the impeller shaft resulting in the deformation of the free liquid 

surface and subsequent increase in entrainment of air into the reactor vessel. The increase in 

  increases the intensity of discharge stream, circulation pattern, vortex and turbulence 

activity in the entire domain of the vessel leading to bulk mixing of the fluid contained within 

the reactor vessel. 

5.5 Number of blades 

The steady state single phase simulations were performed by varying the     of the RT 

impeller so as to determine the optimal     for achieving superior mixing performance of the 

reactor vessel. The stirred reactor with four     agitated using a RT impeller maintained at 

the standard clearance level and rotated at the speed of 200 rpm was used for all the 

simulations. The     was varied from zero to thirty and the corresponding effect on the 

performance goals and flow fields were analysed. 

5.5.1 Power number 

The variation of     with     is shown in Figure 5.32. The     increases with increase in     

from zero to eighteen, becomes constant upto the RT impeller having twenty blades and 

decreases thereafter. The impellers with eighteen and twenty blades attain maximum 

magnitude of     which are 46.5% more than that of the standard reactor vessel (impeller 

with six blades) and 10.87% more than that with thirty blades respectively. Based on this 

pattern of variation, the RT impeller with six blades, eighteen blades and thirty blades were 

considered for the further analyses.  
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Figure 5.32: Variation of    with     

In order to elucidate the physical reasons causing variation of     with    , contours of    

along the mid-baffle plane and contours of trailing vortices along the impeller centre-plane as 

shown in Figures 5.33 and 5.34 are considered. The RT impeller with six blades develop large 

trailing vortices (Fig. 5.34 (a)) which considerably increase the intensity of flow separation 

region behind the impeller blades. The strong flow separation region decreases the pressure 

on the suction side of the blades resulting in high pressure difference between the suction and 

pressure side of the blades (Fig. 5.33(a)). The high pressure difference between the suction 

and pressure side of blades increase the impeller form drag and torque. The higher impeller 

torque in turn increases the corresponding     magnitude of the impeller with six blades. The 

RT impeller with eighteen blades develops small trailing vortices (Fig. 5.34(b)) which 

decrease the intensity of flow separation region behind the impeller blades. The weak flow 

separation region increases the pressure on the suction side of the blades resulting in low 

pressure difference between the suction and pressure side of the blades (Fig. 5.33(b)). 

Although, the contribution of form drag from each blade of the RT impeller with eighteen 

blades is smaller than that of the RT impeller with six blades, the cumulative form drag, 

torque and     of impeller with eighteen blades is higher as compared to the impeller with six 

blades. The RT impeller with thirty blades develops a different kind of vortex pattern as 

compared to the RT impellers with six and eighteen blades respectively (Fig. 5.34(c)). The 

vortices are no longer trailing behind the blades and they are shed away from the tip of the 

impeller blades towards the periphery of the reactor vessel (Fig. 5.34(c)). In other words, the 

RT impeller with thirty blades behaves like a solid disc as the spacing between the impeller 

blades is small for the development of the trailing vortex structure. The insignificant trailing 

vortices behind the blades of the RT impeller with thirty blades develop weak flow separation 

region which increases the pressure on the suction side of the blades. The small pressure 

𝑵𝒑𝒕 

𝑵𝒃𝒍 
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difference between the suction and pressure side of the blades (Fig. 5.33(c)) decreases the 

impeller form drag and torque as compared to the impeller with eighteen blades. The smaller 

magnitude of the impeller torque in turn decreases the corresponding     magnitude of the 

impeller. Thus, the distribution of trailing vortices behind the impeller blades control the 

impeller form drag and    . 

    
(a) (b) (c)  

Figure 5.33: Contours of    along the mid-baffle plane for the RT impeller with (a) six blades, (b) 

eighteen blades and (c) thirty blades 

    
(a) (b) (c)  

Figure 5.34: Contours of trailing vortices along the impeller centre-plane for the RT impeller with (a) 

six blades, (b) eighteen blades and (c) thirty blades 

The variation of    with     is shown in Figure 5.35. The    increases with increase in     

from zero to eighteen, becomes constant upto twenty blades and decreases thereafter. The 

maximum    is 25% more than that of RT impeller with six blades and 10.81% more than 

that with thirty blades respectively. Thus, RT impellers with eighteen and twenty blades 

generate superior pumping of liquid as compared to the reamining impeller configurations 

considered for the analysis. Also, according to Figure 5.32, RT impellers with eighteen and 

twenty blades provide maximum     in comparison with other impeller configurations 
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considered for the analysis. Therefore, the high power consumed by the RT impellers with 

eighteen and twenty blades is used for pumping the liquid within the reactor vessel.  

 
 

Figure 5.35: Variation of    with     

5.5.2 Mixing characteristics 

The mixing characteristics associated with the impellers having six blades, eighteen blades 

and thirty blades were analysed using the contours of trailing vortices and turbulent quantities 

in the present sub-section. The contours of 
 

    
  and 

  

    
 along the impeller centre-plane for the 

impellers are shown in Figures 5.36 and 5.37 respectively. As shown in Figure 5.34(a), the 

RT impeller with six blades develops superior vortex action around the impeller while the RT 

impellers with eighteen and thirty blades develop inferior vortex action (Fig. 5.34(b) and 5.34 

(c)). Moreover, RT impeller with six blades develop high 
 

    
  and 

  

    
 around the impeller 

(Fig. 5.36(a) and 5.37(a)) which significantly decrease for the RT impellers having eighteen 

and thirty blades (Fig. 5.36(b)-5.36(c) and Fig. 5.37(b)-5.37(c)) respectively. The peak 
 

    
  

and 
  

    
 for six blade RT impeller is higher than that for other impellers. Further, six blade RT 

impeller develop adequate turbulence activity in the bulk circulation region which decreases 

for other impellers. It is to be noted that the RT impeller with thirty blades generates small 

magnitude of 
 

    
  and 

  

    
 (Fig. 5.36(c) and 5.37(c)) in the reactor vessel as it behaves like a 

solid disc and results in generating inferior mixing in the reactor vessel. Therefore, RT 

impeller with six blades develops strong vortex and turbulence activity in the entire domain of 

the vessel which results in superior bulk mixing of the fluid as compared to RT impellers with 

𝑵𝒒 

𝑵𝒃𝒍 
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eighteen and thirty blades respectively. Hence, the RT impeller with six blades can be 

considered as optimal for the mixing processes. Although, the RT impeller with eighteen 

blades provides higher    in the vessel as compared to the RT impeller with six blades, the 

corresponding mixing performance is inferior than that of the RT impeller with six blades. 

Thus, there is a negative correlation between    and mixing performance of the reactor vessel 

agitated by the RT impellers with various    .  

    
(a) (b) (c)  

Figure 5.36: Contours of 
 

    
  along the impeller centre-plane for the RT impeller with (a) six blades, (b) 

eighteen blades and (c) thirty blades 

    
(a) (b) (c)  

Figure 5.37: Contours of 
  

    
 along the impeller centre-plane for the RT impeller with (a) six blades, (b) 

eighteen blades and (c) thirty blades 

Thus,     is a key geometric parameter which significantly affects the flow field and 

performance goals of the reactor vessels. The RT impeller with six blades develop large 

trailing vortices and strong flow separation region behind the blades. The strong flow 

separation region increase the impeller form drag and    . Although, RT impeller with 

eighteen blades develop small trailing vortices and weak flow separation region behind the 

blades, the cumulative impeller form drag of eighteen blades increase the torque and     
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magnitude as compared to impeller with six blades. The insignificant trailing vortices 

developed by RT impeller having thirty blades generate weak flow separation region behind 

the blades. The weak flow separation region decrease the impeller form drag and    . The RT 

impeller with six blades develop superior vortex and turbulence activity in the entire domain 

of the reactor vessel resulting in strong bulk mixing as compared to other RT impellers. 

Hence, the RT impeller with six blades was found to be optimal for the mixing process in the 

reactor vessels.  

5.6 Number of baffle walls 

The steady state single phase simulations of a reactor vessel under various     were 

performed to determine the optimal     for achieving superior mixing conditions in the 

reactor vessel. The RT impeller with six blades was maintained at standard clearance level 

and rotated at the speed of 200 rpm for all the simulations. The     was varied from zero to 

ten and the corresponding effects on the flow fields and performance goals were analysed.  

5.6.1 Power number 

The variation of     with     is shown in Figure 5.38. The     increases with increase in     

from zero to four and becomes constant thereafter. The vessels having     greater than or 

equal to four develop similar     which is 41.1% more than that of unbaffled reactor vessel. 

Based on this pattern of variation, unbaffled reactor, baffled reactor with four and ten baffles 

was considered for further analyses. In order to explain the physical reasons behind the 

variation of     with    , contours of    along the mid-baffle plane and contours of trailing 

vortices along the impeller centre-plane were considered as shown in Figures 5.39 and 5.40 

respectively.  
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Figure 5.38: Variation of     with      

The reactor vessels with four and ten baffles develop large trailing vortices (Fig. 5.40(b) and 

5.40(c)) which significantly increase the strength of flow separation region behind the 

impeller blades. The stronger flow separation region decrease the pressure on the suction side 

of the blades resulting in high pressure difference between the suction and pressure side of the 

blades (Fig. 5.39(b) and 5.39(c)). The high pressure difference leads to high impeller form 

drag and torque for the vessels with four and ten baffles respectively. The high impeller 

torque in turn increases the     magnitude of the reactor vessels with four and ten baffles 

respectively. The unbaffled vessel develops small trailing vortices (Fig. 5.40(a)) which 

considerably decrease the intensity of flow separation region behind the impeller blades. The 

weak flow separation region increase the pressure on the suction side of the blades resulting in 

small pressure difference between the suction and pressure side of the blades (Fig. 5.39(a)). 

The small pressure difference leads to small impeller form drag and torque for the unbaffled 

reactor vessel. The small impeller torque in turn decreases the     magnitude of the unbaffled 

reactor vessel. 

 

 

𝑵𝒑𝒕 

𝑵𝒃𝒇 
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(a) (b) (c)  

Figure 5.39: Contours of    along the mid-baffle plane for (a) unbaffled reactor vessel, (b) standard 

reactor vessel and (c) reactor vessel with ten baffle walls 

    
(a) (b) (c)  

Figure 5.40: Contours of trailing vortices along the impeller centre-plane for (a) unbaffled reactor 

vessel, (b) standard reactor vessel and (c) reactor vessel with ten baffle walls 

 

The variation of    with     is shown in Figure 5.41. The    increases with increase in     

from zero to four, attains a peak magnitude for the reactor vessel with four baffles and 

decreases thereafter. The    associated with the reactor vessel having four baffles is 23.85% 

more than that for unbaffled reactor vessel and 8.03% more than that for reactor vessel with 

ten baffles respectively. Therefore, the standard reactor with four baffles develop superior 

pumping of the liquid within the reactor vessel. As shown in Figure 5.38, the reactor vessels 

with four and ten baffles develop high and similar magnitude of     as compared to unbaffled 

reactor vessel. Therefore, the high power consumed by the standard reactor vessel with four 

baffles is used for pumping the liquid which in turn increases the mixing performance of the 

same as compared to the other reactor configurations considered for analysis. Moreover, the 

reactor vessel with ten baffles develop less pumping action as compared to the reactor vessel 

with four baffles although the former reactor configuration provides equal     as that of the 

latter.  
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Figure 5.41: Variation of    with     

5.6.2 Mixing characteristics 

The mixing characteristics associated with the reactor vessels having various     were 

analysed using the corresponding distributions of trailing vortices and turbulent quantities in 

the present sub-section. The contours of 
 

    
  and 

  

    
 along the impeller centre-plane for the 

unbaffled reactor vessel, reactor vessel with four baffles and reactor vessel with ten baffles are 

illustrated in Figures 5.42 and 5.43 respectively. As shown in Figures 5.40(b) and 5.40(c), the 

reactor vessels with four and ten baffles provide significant vortex activity surrounding the 

impeller as well as in the bulk circulation region while the unbaffled reactor vessel develops 

small trailing vortices around the impeller and no vortex activity can be observed in the bulk 

circulation region of the reactor vessel (Fig. 5.40(a)). The reactor vessel with four baffles 

develop high magnitude of 
 

    
  and 

  

    
 around the impeller as well as in the bulk circulation 

region (Fig. 5.42(b) and 5.43(b)) which decreases with further increase in     to ten (Fig. 

5.42(c) and 5.43(c)). The peak 
 

    
  and 

  

    
 of the reactor vessels with four and ten baffles are 

higher than that from the unbaffled reactor vessel. The small magnitude of 
 

    
  and 

  

    
 around 

the impeller as well as in the bulk circulation region of unbaffled vessel (Fig. 5.42(a) and 

5.43(a)) results in poor mixing conditions. Therefore, the reactor vessel with four baffles 

develop superior vortex and turbulence activity in the entire domain of the reactor vessel 

resulting in strong bulk mixing as compared to the reactor vessel with ten baffles and the 

unbaffled reactor vessel respectively. Hence, the reactor vessel with four baffle walls can be 

considered as optimal configuration for the mixing processes. Also, the reactor vessel with 

𝑵𝒒 

𝑵𝒃𝒇 
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four baffles provide high magnitude of    as compared to the reactor vessels with ten baffles 

and unbaffled reactor vessel respectively. Thus, there exists a positive correlation between    

and mixing performance of the reactor vessels with various    .  

    
(a) (b) (c)  

Figure 5.42: Contours of 
 

    
  along the impeller centre-plane for (a) unbaffled reactor vessel, (b) 

standard reactor vessel and (c) reactor vessel with ten baffle walls 

    
(a)    =0 (b)    =4 (c)    =10  

Figure 5.43: Contours of 
  

    
 along the impeller centre-plane for (a) unbaffled reactor vessel, (b) 

standard reactor vessel and (c) reactor vessel with ten baffle walls 

Thus,     is a key geometric parameter which significantly affects the flow field and 

performance goals of the reactor vessels. The reactor vessels with four and ten baffles develop 

large trailing vortices and strong flow separation region behind the impeller blades. The 

strong flow separation region increase the impeller form drag and     of the corresponding 

reactor vessels. On the other hand, the unbaffled reactor vessel develop small trailing vortices 

and weak flow separation regions behind the impeller blades. The weak flow separation 

region lead to smaller impeller form drag and     of the unbaffled reactor vessel. The 

superior vortex and turbulence activity developed in the reactor vessel with four baffles 

results in strong bulk mixing conditions as compared to the reactor vessel with ten baffles and 
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unbaffled reactor vessel respectively. Hence, the reactor vessel with four baffle walls can be 

considered as optimal configuration for the mixing processes. 

5.7 Summary 

The effect of tank parameters such as 
 

 
, 
 

 
,  ,     and     on the flow field and performance 

characteristics associated with the reactor vessels were analysed using the CFD modelling 

approach. The medium 
 

 
 provides radial flow field surrounding the impeller and double re-

circulation pattern within the reactor vessel while large 
 

 
 and low 

 

 
 develop down-pumping 

discharge stream and single re-circulation pattern within the reactor vessel. On the other hand, 

the high 
 

 
 develops upward moving discharge stream and single re-circulation pattern within 

the reactor vessel. The increase in   of the standard reactor vessel also generates strong radial 

flow field and double re-circulation pattern within the reactor vessel. The low pressure region 

behind the impeller blades and uniform distribution of high pressure in the remaining portions 

of the reactor vessel was found to cause the development of double re-circulation pattern. The 

distinct low pressure region generated below the impeller of large 
 

 
 and low 

 

 
 deflect the 

discharge stream towards the bottom surface of the reactor vessel resulting in the formation of 

single loop down-pumping pattern. Similarly, the distinct low pressure region produced above 

the impeller of high 
 

 
 deflects the discharge stream upwards towards the top surface of the 

reactor vessel leading to the formation of single loop up-pumping pattern. Hence, the 

distribution of pressure around the impeller controls the flow pattern developed within the 

reactor vessel.  

The double loop pattern develops radial discharge stream around the impeller while the single 

loop pattern provides axial discharge stream which move either towards the bottom or top 

surfaces of the reactor vessel. The trailing vortices and turbulence field were found to follow 

the trajectory of the discharge stream emerging from the impeller. The downward or upward 

movement of trailing vortices associated with low 
 

 
, large 

 

 
 and high 

 

 
 reduces the radial 

extent of trailing vortices which decreases the intensity of flow separation region behind the 

impeller blades. The weak flow separation region increases the pressure on the suction side of 

the blades and decrease the pressure difference between the suction and pressure side of the 

blades. The small pressure difference between the suction and pressure side of the blades 
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decrease the impeller form drag and torque of low 
 

 
, large 

 

 
 and high 

 

 
 respectively. On the 

other hand, the medium 
 

 
 and the standard reactor vessel agitated at high   develop large 

trailing vortices and strong flow separation region behind the impeller blades. The strong flow 

separation region decrease the pressure on the suction side of the blades which increases the 

pressure difference between the suction and pressure side of the blades. The high pressure 

difference between the suction and pressure side of the blades increases the impeller form 

drag and torque of the corresponding reactor vessel configurations. The increase or decrease 

of the impeller torque results in corresponding increase or decrease in the magnitude of    . 

The increase in     from standard conditions decrease the length of trailing vortices while the 

cumulative strength of flow separation region increases the impeller form drag and     of the 

vessels. The reactor vessel with ten baffles provides large trailing vortices which increase the 

intensity of flow separation region behind the blades while the unbaffled reactor vessel 

develops small trailing vortices which decrease the intensity of flow separation region behind 

the impeller blades. The strong flow separation region increase the impeller form drag and 

    and vice versa. Thus, the distribution of trailing vortices surrounding the impeller controls 

the     associated with the reactor vessels.  

The double loop pattern associated with the reactor vessels provide significant vortex and 

turbulence activity in the entire domain of the vessel resulting in the development of bulk 

mixing conditions in the reactor vessel. The single loop down-pumping and up-pumping 

patterns generate superior vortex and turbulence activity near the bottom and top surfaces of 

the reactor vessel leading to the development of localized mixing conditions near the bottom 

and top surfaces of the reactor vessel respectively. The variations in 
 

 
, 
 

 
 and   of the reactor 

vessel illustrated a positive correlation between    ,    and mixing performance of the 

reactor vessel while a negative correlation was found for reactor vessels with various     and 

    respectively. The reactor vessel with four baffles and the six bladed RT impeller was 

found to be optimal for the mixing processes as the underlying vortex and turbulence activity 

are much higher than that obtained with other     and     respectively.  

The single loop up-pumping pattern associated with high 
 

 
 develops a low pressure region 

near the free liquid surface. This low pressure region as well as high vortex and turbulence 

activity developed near the free liquid surface deforms the free liquid surface and leads to the 
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formation of a free surface vortex around the impeller shaft. The development of free surface 

vortex significantly increases the interfacial contact area between the air and water and the 

entrainment of air into the reactor vessel. The reactor vessel with 
 

 
 of 2.79 provides 

maximum surface aeration as the free surface vortex touches the impeller surface and causes 

flooding of air bubbles within the reactor vessel. The increase in   and 
 

 
 of the reactor vessel 

also increase the vortex and turbulence activity near the free liquid surface resulting in 

increase in entrainment of air into the reactor vessel. The increase in N of the standard reactor 

vessel is a suitable option for the surface aeration process as the air entrained into the reactor 

vessel is uniformly distributed in the entire domain due to strong bulk mixing conditions 

associated with the same. Thus, the oxygen transfer into the reactor vessel is caused by the 

development of low pressure region as well as higher vortex and turbulence activity near the 

free liquid surface. Hence, the mixing and oxygen transfer performance of the agitated 

reactors are controlled by the distribution of pressure, trailing vortex structures and turbulence 

in the entire domain of the reactor vessel. 
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Chapter 6 

Summary and Conclusions 

6.1 Conclusions 

The energy efficient design of the surface aeration tanks requires detailed analysis of the 

underlying hydrodynamic features while the present design practises doesn‘t account the same 

resulting in non-optimal design of the surface aeration tanks. This issue can be resolved by 

analysing the physical reasons causing variation in the oxygen transfer, power consumption 

and flow patterns with variation in the geometric and dynamic parameters of the vessel and 

selecting a configuration which provides optimal flow conditions necessary for obtaining 

maximum oxygen transfer at less power consumption in the reactor vessel. The CFD 

technique is widely used for obtaining detailed characterisation of the flow field associated 

with the surface aeration tanks owing to significant development in the computational 

facilities and the availability of results with less manpower, cost and time as compared to the 

experimental techniques. In the present work, physical reasons causing variation in the 

oxygen transfer, power consumption and flow patterns with variation in the geometric and 

dynamic parameters of the tank were analysed which will help in the proper design of the 

surface aeration tanks. The reliability and accuracy of the CFD predictions were evaluated 

using the systematic and scientific V&V procedures. The conclusions derived from the 

present thesis work are summarised in this chapter. 

6.1.1 Verification and Validation of CFD model predictions 

The numerical error arising due to the choice of grid resolution, grid type, numerical 

discretization scheme and the position of MRF boundary were minimized and the CFD model 
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predictions were validated with the corresponding results from the experimental studies, LES 

model and other complex turbulence models respectively.  

1. The numerical convergence of the turbulent quantities require high resolution grid as 

compared to the mean flow quantities for both the grid types. The     was found to be the 

critical flow parameter for evaluating the grid independence conditions, as its convergence is 

most difficult among the various flow field parameters considered for the analysis.  

2. The GCI associated with the flow field of hybrid grid was found to be less than that 

obtained from the tetrahedral grid. The hybrid grid provides accurate predictions of the mean 

and turbulent quantities at less computational cost as compared to the tetrahedral grid. Thus, 

the hybrid grid outperforms the tetrahedral grid in terms of numerical convergence, accuracy 

of predictions and computational time. 

3. Among the various numerical discretization schemes, the second order upwind scheme 

provides accurate predictions of the mean and turbulent flow fields which are similar to the 

third order schemes (QUICK, MUSCL schemes) and better than that obtained from the 

various lower order schemes (first order upwind, power-law schemes).  

4. The    as well as    were systematically varied and the medium 
  

 
 (1.51-1.94) as well as 

large 
  

 
 (0.43 – 1.51) were found to be optimal for modeling the impeller rotation. The    

was found to be more sensitive to the CFD predictions as compared to   . The optimal    

and    provide accurate rate of decay of mean radial as well as tangential velocities in the 

discharge stream of the impeller. The proper balance between         and          

was derived as the general criterion for selecting the optimal extents of the MRF boundary. 

This criterion is based on the principle of conservation of angular momentum and thus can be 

implemented for any configuration of the impeller in the reactor vessels.  

5. The predictions of    ,     and the local profiles of 
  

    
 and 

 

    
  from the present CFD 

model were close to the experimental results and better than that obtained from the other 

turbulence models in the literature. Moreover, the energy imbalance obtained from the present 

CFD model was least in comparison with the energy imbalance provided by the other 

turbulence models in the literature. Thus, the proper verification of various sources of 

numerical error provides superior predictions from the RANS approach with the standard 
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    model closure and hence considered for further flow field analysis in the present 

research work.  

6.1.2 Physical reasons causing variations in the oxygen transfer, power 

consumption and flow patterns in the surface aeration tanks 

1. The low pressure behind the impeller blades and uniform distribution of high pressure in 

the entire domain of the medium 
 

 
 (0.65-2.26) provides radial flow field around the impeller 

and double loop pattern within the reactor vessels. The double loop pattern was also obtained 

with continuous increase in   of the impeller maintained at standard clearance condition. On 

the other hand, the low 
 

 
 (

 

 
<0.65) and large 

 

 
 (

 

 
>2.90) generate a low pressure region below 

the impeller which deflects the discharge stream towards the bottom surface of the vessel 

leading to the formation of single loop down-pumping pattern. Also, the high 
 

 
 (

 

 
>2.26) 

produces a low pressure region above the impeller which deflects the discharge stream 

towards the free liquid surface resulting in the development of single loop up-pumping 

pattern. Thus, the pressure distribution surrounding the impeller controls the flow patterns 

associated with the reactor vessels.  

2. The double loop pattern provides radial discharge stream behind the blades while the single 

loop down-pumping and up-pumping patterns generate axial discharge stream moving 

downwards and upwards from the impeller respectively. The trailing vortices and turbulence 

field were found to follow the trajectory of the discharge stream emerging from the impeller. 

The downward/upward movement of trailing vortices associated with the single loop patterns 

of low 
 

 
, large 

 

 
 and high 

 

 
 reduces the radial extent of trailing vortices behind the impeller 

blades. The decrease in the length of trailing vortices decreases the intensity of flow 

separation region behind the blades which in turn increases the pressure on the suction side of 

the blades. The small pressure difference between the suction and pressure side of the blades 

decreases the impeller form drag and torque. On the other hand, the large trailing vortices 

related with the double loop pattern of medium 
 

 
 and the standard reactor vessel agitated at 

high   develop strong flow separation region behind the blades which reduces the pressure on 

the suction side of the blades. The high pressure difference between the suction and pressure 

side of blades increases the impeller form drag and torque. The increase or decrease in the 
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impeller torque results in the corresponding increase or decrease in the magnitude of    . 

Even though, the increase in     from standard condition decreases the length of trailing 

vortices behind the blades, the cumulative strength of all flow separation regions increases the 

impeller form drag and    . Moreover, increase in     from the standard condition provides 

large trailing vortices which increase the intensity of flow separation region, impeller form 

drag and    . On the other hand, the unbaffled reactor vessel provides small trailing vortices 

which reduces the intensity of flow separation region, impeller form drag and    . Thus, the 

distribution of trailing vortices around the impeller controls the     associated with the 

reactor vessels.  

3. The double loop pattern associated with medium 
 

 
 and the standard reactor vessel agitated 

at high   provides high vortex and turbulence activity in the entire domain of the vessel 

resulting in superior bulk mixing of the liquid contained within the reactor vessel. On the 

other hand, the single loop down-pumping pattern related with low 
 

 
 and large 

 

 
 increases the 

vortex and turbulence activity near the bottom surface of the vessel which helps in suspending 

the solid particles within the reactor vessel. 

4. The single loop up-pumping pattern related with high 
 

 
 provides a low pressure region near 

the free liquid surface. The low pressure region deforms the free liquid surface into a free 

surface vortex around the impeller shaft. The free surface vortex increases the interfacial 

contact area between the air and water which eventually increases the oxygen transfer into the 

reactor vessel. Moreover, the high vortex and turbulence activity obtained near the free liquid 

surface helps in continued deformation of the free liquid surface and subsequent entrainment 

of air into the reactor vessel. The maximum surface aeration was found to occur at 
 

 
 of 2.79 

as the free surface vortex touches the impeller surface causing flooding of air bubbles in the 

reactor vessel. The increase in   of the standard reactor vessel and the large 
 

 
 develop high 

vortex and turbulence activity near the free liquid surface and increases the entrainment of air 

into the reactor vessel. The increase in   of the standard reactor vessel is a viable option for 

increasing the surface aeration process since the entrained air will be uniformly distributed in 

the entire domain of the vessel due to the superior bulk mixing conditions associated with the 

same. Thus, the oxygen transfer into the reactor vessel is caused by the development of low 

pressure region as well as high vortex and turbulence activity near the free liquid surface.  
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6.1.3 Optimal     and     for the mixing process in the surface aeration 

tank 

The RT impeller with six blades provides high vortex and turbulence activity in the entire 

domain of the vessel which decreases with further increase or decrease in     of the impeller. 

Moreover, the RT impeller with six blades provides superior bulk mixing at less     which 

reduces with further increase or decrease in    . Also, the vessel with four baffle walls 

provides high pumping action as well as high vortex and turbulence activity in the entire 

domain of the vessel as compared to the unbaffled reactor vessel and the reactor vessel with 

ten baffles respectively. Thus, the RT impeller with six blades and the reactor vessel with four 

baffles can be considered as optimal for the mixing operations in the surface aeration tanks.  

6.2 Suggestions for the future work 

In the present research work, the physical reasons causing the variation in the performance 

goals with the variation in the geometric and dynamic parameters of the surface aeration tank 

were analysed in detail. The CFD approach was adopted for modelling the flow field 

characteristics under various geometric and dynamic conditions of the reactor vessel. The 

CFD approach was properly verified and validated so as to obtain the reliable as well as 

accurate flow field predictions from the same. The GCI was used to determine the numerical 

error/uncertainty associated with the flow field variables. But the asymptotic convergence of 

the local flow fields at various locations in the tank was found to be difficult due to complex 

geometric conditions as well as turbulent flow conditions associated with the reactor vessel. 

Therefore, it is necessary to develop an error estimator exclusively for the agitated reactor 

vessels for properly quantifying the numerical error associated with the flow field variables.  

The tank parameters such as 
 

 
, 
 

 
,  ,     and     were considered for the present study while 

the effects of remaining parameters such as 
 

 
, 
 

 
, 

 

 
 and 

 

 
 on the mixing characteristics need to 

be investigated further. Presently, the physical reasons causing variation in the performance 

goals with the variation in the tank parameters are explained in terms of low pressure region 

developed around the impeller, characteristics of trailing vortices and the features of 

turbulence field developed in the entire domain of the reactor vessel. Apart from these 

features, the flow instabilities (macro as well as micro levels) present in the tank play a crucial 
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role in the underlying mixing and oxygen transfer processes which should be studied to 

provide detailed understanding of physical reasons behind the behaviour of the surface 

aeration process. The present study utilized the RANS approach for modelling the surface 

aeration tanks. The modelling of surface aeration tanks with LES will provide detailed as well 

as accurate predictions of the mean and turbulent quantities associated with the same. This 

will be useful for developing better design of the surface aeration tanks as well as for 

analysing the flow instabilities present in the tank as mentioned above. Moreover, the balance 

between the angular momentum flux associated with the impeller and the tank periphery can 

be analysed to quantify the flux properly transported to the tank periphery, dissipated in the 

tank periphery and lost in the tank domain during its movement. This may lead to proper 

inferences regarding the utilization of available energy for the development of various flow 

features in the surface aeration tank. 
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