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ABSTRACT  

Mei Han 

Hydrodynamics and mass transfer in airlift bioreactors: experimental 
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Diss. Lappeenranta University of Technology 
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Airlift bioreactors are widely used in industrial applications such as wastewater treatment, 
gas decontamination and other biochemical processes, and such systems have generated 
increasing academic and industrial interest. Many bioprocesses occurring in airlift 
bioreactors are limited by the gas-liquid mass transfer, which is determined by the 
hydrodynamics of the multiphase flow. The hydrodynamics of multiphase flow in airlift 
bioreactors is complex and involves a large number of interrelated hydrodynamic 
parameters that are influenced by factors such as aeration mode, liquid physical properties 
and reactor scale. In study of bioreactor performance, detailed numerical data on local 
hydrodynamics, which is crucial for design of multiphase reactors and optimization of 
operating conditions, is often limited by available measurement techniques. Furthermore, 
while many simulation studies of airlift reactors have been reported for Newtonian fluids, 
there is a lack of numerical simulation study of airlift bioreactors incorporating the non-
Newtonian fluid rheology commonly encountered in bioprocesses. 

The aim of this thesis is to improve understanding of the hydrodynamic and mass transfer 
performance of airlift bioreactors and thereby contribute to their improved application, 
design and scale-up, as well as optimization of aeration. Both experimental and numerical 
simulation approaches are used in the research work. 

In the thesis work, novel and advanced measurement techniques – three-dimensional 
electrical impedance tomography and particle image velocimetry – were applied in the 



experimental studies, together with conventional methods. The experimental results bring 
better understanding of the hydrodynamics of industrial airlift bioreactors. 

Detailed quantitative analysis of local hydrodynamics and mass transfer characteristics of 
center- and annulus-rising airlift bioreactors was performed, which provided important 
insights into the effect of the aeration mode on airlift bioreactor performance. 
Experimental results presented in the thesis facilitate the design and effective utilization 
of airlift reactors, particularly for biochemical applications, by providing valuable 
information about key phenomena such as local flow structure, shear rate field and foam 
layer thickness. 

Investigation of gas distribution and local gas holdup was carried out using tomographic 
imaging techniques with non-Newtonian fluids commonly encountered in industry. Novel 
experimental results of visualized gas distribution are presented, bringing new insights 
into potential approaches for improvement of aeration and effective gas-liquid contact. 
Better understanding of the effect of the hydrodynamics on mass transfer was achieved 
by separation of the liquid-side mass transfer coefficient and the gas-liquid interfacial 
area. 

Numerical simulation results of the three-phase model comprising the liquid phase and 
two gas bubble phases developed in this work are presented and compared with 
experimental results from both this study and published literature. Comparison of the 
experimental and simulation results showed that the developed three-phase model is 
capable of predicting well the hydrodynamics and mass transfer for low viscous fluids 
over the three circulation flow regimes studied. The effects of the reactor scale are 
predicted reasonably well. To give more confident prediction for airlift bioreactors with 
viscous non-Newtonian fluids, a computational fluid dynamic model with wide bubble 
size distribution due to bubble breakage and coalescence was developed and used in 
simulations with ANSYS Fluent Solver in homogeneous and heterogeneous flow regimes. 
Good agreement between the experimental and simulated results indicated that the 
developed computational fluid dynamic model is able to describe and predict the 
hydrodynamics in airlift bioreactors with non-Newtonian fluids with reasonable accuracy. 

Keywords: Airlift bioreactor, Hydrodynamics, Mass transfer, Particle image velocimetry, 
Electrical impedance tomography, Model development, Computational fluid dynamics, 
Population balance model 
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a Gas-liquid interfacial area, m2/m3 

Ad Cross-sectional area of downcomer, m2 
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bi, b(d) Specific bubble breakup rate due to turbulent fluctuation, 1/s 

bin Bubble breakup rate due to instability, 1/s 

b* Model parameter for bubble breakup due to instability,- 

c Bubble coalescence rate, m3/s 

Csensor Dissolved oxygen concentration indicated by sensor, mg/L 

C* Oxygen saturation concentration, mg/L 

d Bubble size, m 

dc Critical bubble size for bubble breakup due to instability, m 

dcw 
Critical bubble size for bubble coalescence due to wake 
entrainment, m 

d32 Bubble Sauter mean diameter, mm 

fi Volume fraction in gas holdup of bubble group i, - 

fv Bubble breakup fraction, -  

h Axial position from gas distributor in the AR-ALR, m 

h0 Initial film thickness between two coalescing bubbles, m 

hf Critical film thickness between two coalescing bubbles, m 

k Turbulence kinetic energy, m2/s2 

kL Liquid-side mass transfer coefficient, m/s 

kLa 
Volumetric mass transfer coefficient per unit volume of reactor, 
1/s 

l Largest eddy size effective to bubble breakup, m 

m Model parameter for bubble breakup due to instability , - 

n Flow index, -  
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P Bubble coalescence efficiency, - 

Pb Probability density function, - 

r Bubble radius, m 

rij Equivalent radius defined as rij=1/(2(1/ri+1/rj)), m 

R Radial coordinate, m 

St Bubbl Stokes number,  

 Average velocity of eddy of size , m/s 

Uc Liquid circulation velocity, m/s 

Ug Superficial gas velocity, cm/s 

v Bubble volume, m3 

We Weber number, du2/   

Greek symbols  

 Phase fraction, - 

 Daughter bubble size distribution function, - 

 Shear rate, 1/s 

i,j Coefficient related to the bubble distance,- 

 Kronecker delta function, - 

 Turbulence kinetic energy dissipation rate, m2/s3 

i,k Distributing coefficient related to bubble breakup,- 

 
Model parameter in kernel model of bubble breakup due to 
turbulent fluctuations, -  

 Coefficient related to the critical bubble size dc,- 

 Consistency index, Pa sn 

 Eddy size, m 

µapp Apparent viscosity, Pa s 

ij Ratio of bubble sizes defined as di/dj, - 

 Density, kg/m3 

 Surface tension, N/m   

 Relaxation time, 1/s 
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i,k Distributing coefficient related to bubble breakup,- 

 Bubble collision frequency, m3/s 

Subscripts  

b Bubble 

C Coalescence 

f Fluid 

g Gas phase 

i, j, k Bins/groups of bubble size 

L Liquid phase 

slip Slip velocity 

S Shear 

T Turbulent fluctuations 

U Bubble rise velocity 

W Wake 

Abbreviations  

ALR Airlift reactor 

IL-ALR Internal-loop airlift reactor 

EL-ALR External-loop airlift reactor 

CR-ALR Center-rising airlift reactor 

AR-ALR Annulus-rising airlift reactor 

PIV Particle image velocimetry 

EIT Electrical impedance tomography 

CFD Computational fluid dynamics 

PBM Population balance model 
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1. Introduction 

1.1 Background  

Airlift reactors (ALRs) are widely used in the chemical, petrochemical, biochemical and 

environmental industries for processes such as acetophenone hydrogenation (Bergault et 

al., 1999), direct coal liquefaction (Huang et al., 2015), syngas fermentation (Munasinghe 

et al., 2015), wastewater purification (Heijnen et al., 1997) and exhaust-gas treatment 

(Jafari Nasr et al., 2004). ALRs exhibit superior performance to traditional bubble 

columns, including higher mass and heat transfer, enhanced mixing efficiency and good 

suspension of solids with low power input. Compared to mechanically stirred tanks, their 

simple structure, mild shear stresses and low energy consumption make ALRs even more 

attractive, especially for bioprocesses with fragile particles (Chisti, 1989). These 

advantages of ALRs have generated increasing academic and industrial interest, 

particularly in view of current stringent energy and safety demands.  

Many bioprocesses in airlift bioreactors are limited by the mass transfer of sparingly 

soluble gaseous reactants, and this constraint has been considered as the main impediment 

to commercialization of some green chemical and biochemical technologies (Munasinghe 

et al., 2015), e.g., syngas (industrial tail gas) fermentation. Gas-liquid mass transfer in 

ALRs is substantially determined by the hydrodynamics of the multiphase flow. The 

hydrodynamics of multiphase flow is complex and still not fully understood for ALRs, 

particularly for culture media commonly found in typical bioprocesses. Many of the 

hydrodynamic parameters are interrelated, and they are affected by factors such as 

aeration mode, liquid physical properties and reactor scale. 

Process solutions in fermentation often contain organic compounds, such as alcohols or 

organic acids, as carbon source, nutrients and microbial biomass. Organic compounds and 

nutrients are surface-active compounds that tend to hinder bubble coalescence and thus 

influence in bubble size, gas-liquid interfacial area and gas-liquid mass transfer.  Foaming 

is also often a problem during fermentation, and antifoaming agents are commonly added 
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to reduce excessive foaming. Addition of antifoaming agents, on the other hand, 

intensifies bubble coalescence. Therefore, surface activity in fermentation media is often 

very complex and evaluation of mass transfer parameters from literature correlations has 

high uncertainty. Consequently, these parameters are usually evaluated experimentally. 

Moreover, knowledge of local detailed hydrodynamic information is crucial for effective 

reactor design, scale-up and process optimization. However, information on local 

hydrodynamics is often limited by available measurement techniques. Furthermore, there 

is a lack of numerical simulation studies that take into account the complex bubble 

hydrodynamics of the non-Newtonian fluids commonly encountered in bioprocesses 

(Chavez-Parga et al., 2007; Chavez-Parga et al., 2008; Lennartsson et al., 2011). 

1.1.1 Airlift reactors 

The concept of the ALR was proposed and patented by Le Francois (Berovic, 2009) in 

1955. ALRs are a type of pneumatically agitated bioreactor in which the gaseous phase 

functions as the agitation source and, in most cases, is the reactant. The three main parts 

of the ALR are the riser, the downcomer and the gas distributor. In ALR operation, the 

gas is fed into the riser, and the liquid flows upwards in the riser and downwards in the 

downcomer. In cases where the gas needs to be well separated from the liquid, an enlarged 

expansion, called a gas separator, is placed at the top of the reactor. Based on the 

arrangement of the riser and the downcomer, ALRs are generally categorized into two 

classes: internal-loop airlift reactors (IL-ALR) and external-loop airlift reactors (EL-

ALR). Two aeration modes can be operated in an IL-ALR: gas feed in the draft tube (a 

center-rising airlift reactor, CR-ALR) and gas feed in the annulus between the draft tube 

and the outer column (an annulus-rising airlift reactor, AR-ALR).  

The hydrodynamics in an ALR is characterized by two flow regimes: homogeneous flow 

(bubbly flow) and heterogeneous flow (churn-turbulent flow). In homogeneous flow, 

bubble interactions are negligible and bubble size is narrowly distributed. The overall gas 

holdup increases remarkably with superficial gas velocity in homogeneous flow. In 

heterogeneous flow, which is encountered at high gas superficial velocities, bubble 

breakage and coalescence become pronounced and the bubble size distribution is broad. 
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In the heterogeneous flow regime, the overall gas holdup increases slightly with 

increasing superficial gas velocity.  

Three circulation flow regimes have been defined for ALRs (Heijnen et al., 1997; Blažej 

et al., 2004) based on bubble entrainment in the reactor. In circulation flow regime I, no 

gas is entrained in the downcomer; in circulation regime II, small bubbles are entrained 

into downcomer but there is no recirculating into the riser; and in regime III, there is 

substantial recirculation of bubbles into the riser. Research work using laboratory-scale 

ALRs generally  focuses  on  circulation  regimes  I  and  II.  Circulation  regime III,  which  

commonly occurs in full-scale ALRs, is often difficult to attain in laboratory-scale 

equipment (Heijnen et al., 1997), mostly due to the relatively low liquid circulation 

velocity.  

   
(a) (b)   (c) 

Figure 1. Circulation flow regimes in ALRs: (a) regime I, (b) regime II, (c) regime III  

(Blažej et al., 2004). 

1.1.2 Measurement techniques 

The measurement techniques used play a very important role in investigation of the 

hydrodynamics and mass transfer in ALRs. The depth of experimental study is directly 

determined by the measurement scope, accuracy, significance and reliability.  Recently, 

a number of advanced measurement techniques have been introduced and applied in 

hydrodynamic studies, for example, radioactive particle tracking and electrical resistance 

tomography (Luo and Al-Dahhan, 2008, 2010; Gumery et al., 2011). However, much 
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more work is still needed. Based on the spatial characteristics of the measured 

hydrodynamics, applicable measurement techniques can be classified into two categories 

– global and local hydrodynamics measurements. Next, typical global and local 

hydrodynamics measurement techniques are briefly introduced and summarized in Table 

1.  

Global hydrodynamics measurements 

Bed expansion   Bed expansion, also called height or volume expansion, is a conventional 

method to measure the overall gas holdup in gas-liquid multiphase reactors. The gas 

holdup in the reactor is measured by comparing the liquid levels before and after aeration. 

Many researchers (Zhang et al., 2002; Luo and Al-Dahhan, 2010) have used this method 

to investigate overall gas holdup in airlift reactors. The bed expansion method cannot be 

used when the upper surface of the liquid is remarkably unstable at high gas superficial 

velocity.  

Differential pressure drop   Differential pressure drop is commonly used to measure 

average gas holdup in airlift reactors (Klein et al., 2003; van Baten et al., 2003). The 

pressure drop is measured with a U-tube manometer or pressure transmitter. This 

conventional measurement method has been used to examine and verify the accuracy of 

other measurement methods and novel measurement techniques (Wu et al., 2009). Only 

volumetric averaged gas holdup can be measured using the differential pressure drop 

method.  

Liquid solution tracer   A liquid solution tracer can be used to measure the bulk liquid 

circulation velocity and average liquid velocity in airlift reactors (Zhang et al., 2002; van 

Baten et al., 2003; Vial et al., 2002). In the approach, a salt or acid solution is introduced 

from the bottom of reactor and the peak pulse of conductivity or pH is detected using a 

conductivity probe or pH meter at the top of the reactor. The bulk circulation velocity and 

average liquid velocity can be calculated from the detected peak pulses and the distance 

between the probe and the tracer injection locations. The accuracy of this method is often 

low due to the short equilibrium time of the tracer concentration.  
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Local hydrodynamics measurements 

Hot-film anemometry (HFA)   HFA can be used to measure the instantaneous velocities 

and turbulence characteristics of liquid flows in airlift reactors (Ali et al., 2011). This 

method  is  based  on  the  dependence  of  the  sensor  heat  transfer  on  the  liquid  velocity,  

temperature and composition. HFA measurement gives single-point information, and for 

effective use, the HFA method requires a constant temperature environment.  

Digital imaging   Digital imaging or photography methods can be used to evaluate gas 

holdup, bubble size and size distribution, and even bubble rise velocity (Vial et al., 2002; 

Liu et al., 2011a). Digital imaging methods are limited by the system transparency and 

difficulties in detection of overlapping bubbles. 

Probe techniques   Probe techniques mainly comprise optical and electrical resistivity 

measurement and give single-point measurement results. Probe techniques have been 

used to investigate characteristics of bubble dynamics in airlift reactors (Wu et al., 2009; 

Lo and Hwang, 2003; Deng et al., 2010), e.g., local gas holdup, bubble rise velocity, and 

bubble size and size distribution. Probe techniques are usually limited by the assumption 

that bubbles are spherical or ellipsoidal in shape.  

Laser Doppler Velocimetry (LDV)   LDV can be used to measure local gas velocity, 

liquid velocity and turbulence characteristics (Vial et al.,  2002).  LDV  is  an  optical  

measuring technique based on the Doppler effect of scattered light. The LDV technique 

gives single-point data and is limited by system transparency. 

Computed tomography (CT)   CT is able to measure local gas holdup and distribution 

in airlift reactors (Luo and Al-Dahhan, 2010). The measurements are obtained by 

detecting and analyzing the attenuation of -ray radiation caused by the gas phase in gas-

liquid phase flow. The CT technique is generally expensive, and there are safety issues 

associated with use of this technique.  

Computer automated radioactive particle tracking (CARPT)   CARPT is a non-

intrusive three dimensional flow field measurement technique. Time-averaged liquid 

hydrodynamics in the airlift reactor (Luo and Al-Dahhan, 2008), e.g., velocity field, shear 
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stress and turbulence characteristics, are obtained by tracking and analyzing a small 

radioactive particle that follows the liquid phase. Only time-averaged measurements are 

possible using the CARPT technique and appropriate safety measures are required.  

Particle Image Velocimetry (PIV)   PIV is a non-intrusive and non-interruptive optical 

measuring technique that gives full-field, detailed and instantaneous velocity field data 

(Wu and Merchuk, 2003). Based on the measured velocity, additional hydrodynamic 

(Fujiwara et al., 2004; Lin and Chen, 2005) parameters can be obtained and analyzed, e.g. 

Reynold stresses. PIV measurement provides detailed experimental data for validation of 

computational fluid dynamics (Ge et al., 2014). The PIV technique is limited by the 

system transparency and the need for high gas volume fraction.  

Electronic Resistance/Impedance Tomography (ERT/EIT)   ERT/EIT  is  a  non-

invasive tomographic imaging measurement technique based on estimation of the 

conductivity distribution (González et al., 2015). ERT/EIT has the advantages of being 

real-time monitoring, at low-cost, and being capable of extracting local, detailed and 

visualized information. Local gas holdup, gas holdup distribution, gas velocity, mixing 

efficiency and liquid circulation time can be measured with the EIT/ERT technique 

(Wang et al., 2005; Abdullah et al., 2011; Gumery et al., 2011; Hamood-ur-Rehman et 

al., 2013). ERT/EIT has the requirement that the material conductivity is stable and in a 

measurable range.  

Table 1. Typical measurement techniques for hydrodynamic parameters. 

Measurement 
Technique 

Categories Hydrodynamic 
Parameters Authors 

Global Local 

Bed expansion ×  Overall gas holdup 
Zhang et al. (2002), Luo 
and Al-Dahhan (2010) 

Differential pressure 
drop 

×  Volume averaged gas 
holdup 

Klein et al. (2003), van 
Baten et al. (2003), Wu 
et al. (2009) 

Liquid solution 
tracer 

×  
Liquid circulation 

velocity and average 
liquid velocity 

Zhang et al. (2002), van 
Baten et al. (2003), Vial 
et al. (2002) 
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Hot-film 
anemometry  × 

Instantaneous 
velocities and 

turbulence 
characteristics 

Ali et al. (2011) 

Digital imaging  × 

Gas holdup, bubble 
size and size 

distribution, and even 
bubble rise velocity 

Vial et al. (2002), Liu et 
al. (2011a) 

Probe techniques  × 

Gas holdup, bubble 
size and size 

distribution, rise 
velocity, etc. 

Wu et al. (2009), Lo and 
Hwang, (2003), Deng et 
al. (2010) 

Laser Doppler 
Velocimetry  × Velocity fields Vial et al. (2002) 

Computed 
tomography 

 × Local gas holdup and 
distribution 

Luo and Al-Dahhan 
(2010). 

Computer automated 
radioactive particle 

tracking 
 × 

Time-averaged flow 
fields, e.g. velocity, 

shear stress and 
turbulence 

Luo and Al-Dahhan 
(2008) 

Particle image 
velocimetry  × 

Full-field, detailed and 
instantaneous flow 
field, e.g. velocity, 

turbulence, and shear 
stress, etc. 

Wu and Merchuk, 
(2003), Fujiwara et al. 
(2004), Lin and Chen 
(2005), Ge et al. (2014) 

Electric 
resistance/impedanc

e tomography 
 × 

Local gas holdup, gas 
holdup distribution, 
gas velocity, mixing 
efficiency and liquid 

circulation time 

Wang et al. (2005), 
Abdullah et al. (2011), 
Gumery et al. (2011), 
Hamood-ur-Rehman et 
al. (2013) 

1.1.3 Numerical simulation 

Computational fluid dynamics (CFD) simulation is a powerful numerical method to 

investigate and predict the hydrodynamics and mass transfer performance of multiphase 

reactors. The approach is much less time-, labor- and capital-intensive than experimental 

studies (Versteeg and Malalasekera, 1995). CFD simulation can provide extensive and 
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detailed data for systems that are difficult to investigate experimentally. CFD simulation 

allows in-depth analysis of fluid mechanisms in multiphase flow. However, CFD 

simulations  can  give  confident  and  reliable  predictions  only  when  the  used  numerical  

models describe the physical phenomena properly and accurately. The need for accurate 

numerical models creates difficulties due to knowledge gaps and the complexity of fluid 

mechanics, especially with multiphase flow (Jacobsen et al., 1997). Thus, rigorous 

experimental validation and verification of CFD simulations are still needed before the 

results can be considered reliable. Two-fluid models based on the Eulerian-Eulerian 

approach are commonly used for multiphase reactor simulations (Chen et al., 2005; Tabib 

et al., 2008; Šim ík et al., 2011). In such two-fluid models, the continuous and dispersed 

phases are assumed to be interpenetrated and the momentum equations are described for 

each of the two phases in the Eulerian frame of reference. Turbulence sub-models and 

momentum transfer terms between the phases that describe the simulated case accurately 

are required to close the multiphase model. 

Extensive numerical simulation studies of airlift reactors by CFD (Mudde and van den 

Akker, 2001; Huang et al., 2007; Hekmat et al., 2010; Huang et al., 2010; Moraveji et al., 

2011; Šim ík et al., 2011; Lestinsky et al., 2015) have been reported and considerable 

progress has been achieved in the use of CFD approaches in ALR study. Huang et al. 

(2010) studied the applicability of gas-liquid mass transfer models for CFD simulation of 

an airlift reactor. Hekmat et al. (2010) and Lestinsky et al. (2015) investigated the effect 

of the draft tube on mixing and carried out optimization calculations for the bottom 

distance of the draft tube. Šim ík et  al. (2011) performed CFD simulations of airlift 

reactors with air-water over three circulation flow regimes. They found that bubble 

circulations were not well captured in circulation flow regimes II and III.  

Some researchers (Dhanasekharan et al., 2005; Liu et al., 2011a, b; Liu et al., 2013; 

Amooghin et al., 2015) have considered the effects of bubble size and adopted a 

population balance model (PBM) to account for bubble breakage and coalescence 

behaviour. Use of a PBM model is expected to improve modelling results since a two-

fluid model with an assumption of a single bubble size can only give reasonable 
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predictions for cases where the bubbles have uniform size with negligible interactions. 

The PBM is able to describe the bubble size distribution (BSD) characteristics in 

multiphase flows when the kernels of bubble coalescence and breakup rates are provided 

as model closures. Dhanasekharan et al. (2005) used a discretized PBM in which bubble 

breakage and coalescence caused by turbulent eddies were taken into account to improve 

CFD simulation of gas holdup and mass transfer in an ALR with air-water. Liu et al. 

(2011a) developed a two-dimensional axisymmetric CFD model of a hairy root culture in 

an airlift bioreactor. In their developed model, a discretized PBM was utilized to describe 

the bubble size distribution and a porous media model was used to characterize the hairy 

root in the airlift bioreactor. With the developed model, Liu et al. (2011b) obtained 

satisfactory simulation results for mass transfer in the airlift bioreactor and optimized the 

reactor structure for hairy root culture (Liu et al. 2013). Amooghin et al. (2015) conducted 

simulations in which bubble breakup and coalescence were introduced by a two-group 

interfacial area transport equation to analyze the effects of the draft tube on 

hydrodynamics and mass transfer in airlift reactors. Three main bubble interactions were 

considered in the interfacial area transport equation: coalescence driven by turbulence, 

coalescence caused by wake entrainment, and breakup due to turbulent eddies.  

 1.2 Aim of the current research  

This research focuses on airlift bioreactor hydrodynamics and mass transfer. Poor mass 

transfer of sparingly soluble gases is often considered as hindering commercialization of 

many novel green chemical and biochemical technologies utilizing airlift reactors 

(Munasinghe et al., 2015). The aim of the research was to achieve better understanding 

of mass transfer characteristics in airlift reactors through comprehensive experimental 

and numerical studies. Improved knowledge in this area can contribute to improved 

design and scale-up, and, potentially, lead to new industrial applications for airlift 

bioreactors. It is anticipated that the results obtained in this work using advanced 

measurement techniques will bring new insights into potential improvements to the mass 

transfer performance of airlift bioreactors. 
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Effects of aeration modes  

The effects of the two aeration modes in airlift bioreactors – center-rising and annulus-

ring – remain unclear for many airlift bioreactor applications, which makes it difficult to 

select the most suitable aeration mode in practical applications, especially with complex 

culture media. In the current research, the objective of investigating the effect of the 

aeration mode was to improve understanding of the pros and cons in order to be able to 

optimize aeration operation and facilitate practical bioreactor applications. Accurate 

results for local fluid flow structures and shear rate fields will provide researchers and 

engineers with valuable data and enable new thinking in airlift bioreactor design and 

optimization.     

Local gas holdup distribution and mass transfer performance  

Many chemical and biochemical processes operated in airlift reactors are limited by the 

mass transfer of sparingly soluble gaseous reactants, e.g. syngas (industrial tail gases) 

fermentation. Investigation of local gas holdup distribution, bubble size distribution and 

liquid-side mass transfer coefficients aims to develop understanding of the mass transfer 

characteristics and bring new insights for improvement of mass transfer in airlift 

bioreactors.   

Numerical model development and simulation 

In  the  current  research,  the  aim  of  the  numerical  simulation  study  was  to  develop  

numerical models that are capable of performing reliable hydrodynamic simulation and 

providing accurate mass transfer predictions over homogenous and heterogeneous flow 

regimes and with non-Newtonian fluids. Such information is important since many 

bioprocesses are operated in the heterogeneous flow regime and with viscous non-

Newtonian media.    

1.3 Outline  

This thesis comprises two main parts: a summary part and four publications in 

international scientific journals. The summary part has six sections: an introduction to the 

research background, a description of the experimental work, a description of 
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development of the numerical models, presentation of the results of the thesis work, 

presentation of the research conclusions, and suggestions for future work.      

The research background is given in the introduction section, together with consideration 

of related literature on airlift reactors, typical measurement techniques and numerical 

simulation  studies.  The  experimental  design  and  measurement  methods  used  in  the  

current research are introduced in the experimental work section. The developed 

numerical models of the airlift bioreactor are briefly presented in the section on model 

development. Significant research results and corresponding analysis from Publications I 

–  IV  are  presented  in  the  results  section.  The  conclusions  of  the  current  research  and  

suggestions for future study are given in the last two sections of the summary part of the 

thesis.  

1.4 Novel results 

The following novel and interesting results were obtained in the current study.  

i) In Publication I, it is found that the aeration mode has a remarkable effect on the 

liquid circulation structure in the airlift bioreactor. Liquid flow in the center-rising 

airlift bioreactor forms one large circulation cell throughout the reactor. In 

contrast, two counter-looping circulation structures of liquid flow exist in the 

annulus-rising airlift bioreactor. The two circulation cells in the annulus-rising 

airlift reactor increase the gas residence time and turbulence, and thereby enhance 

mass transfer efficiency. 

ii) Visualized local gas holdup distributions were obtained, using a tomographic 

method, for an annulus-rising airlift reactor with non-Newtonian fluids commonly 

encountered in industry. The obtained gas holdup distributions are comparable to 

CFD simulation results in resolution and accuracy. The experimental results 

showed that the uniformity of gas distribution is significantly reduced by the 

viscosity of the liquid. This non-uniformity was slightly mitigated by an increase 

in superficial gas velocity. The local measurements bring new insights into 

feasible approaches for improving aeration and enhancing gas-liquid contact. 
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iii) A three-phase model (a liquid phase and two bubble phases) was developed for 

airlift bioreactors with low viscous Newtonian fluids. This model was able to 

produce reliable simulation results and give accurate predictions for airlift 

bioreactors over the three circulation regimes. The effect of reactor scale could be 

predicted reasonably well by the developed three-phase model at low 

computational cost.  

iv) A computational fluid dynamic model for an airlift bioreactor with non-

Newtonian fluids was developed that takes into account wide bubble size 

distribution and complex bubble coalescence and breakage mechanisms. Well-

matched simulation results for overall gas holdup, bubble size and local flow 

structures demonstrated that the developed computational fluid dynamic model is 

able to describe and predict the hydrodynamics in airlift bioreactors with non-

Newtonian fluids with reasonable accuracy. 
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2. Experimental work 

The measurement methods employed in the current research work are described in this 

section. The measurement methods used included both advanced measuring techniques – 

particle image velocimetry, electrical impedance tomography and digital imaging, and 

conventional approaches – bed expansion, differential pressure drop and dynamic oxygen 

absorption. Additionally, the experimental design and setup is briefly introduced. 

Detailed descriptions of the measurement techniques and the experimental design and 

setup are provided in Publications I, II and IV.  

2.1 Measurement methods  

2.1.1 Particle image velocimetry 

A particle image velocimetry (PIV) technique was used in Publication I to investigate the 

characteristics of the velocity fields, shear rate field, local flow structure and liquid 

circulation time in the airlift reactors. In Publication IV, a PIV technique was used to 

investigate the velocity field characteristics of both the gas and liquid phases in an airlift 

reactor with Newtonian and non-Newtonian fluids. The PIV measurement results were 

also used to validate and verify the developed CFD model of an airlift bioreactor.  

The PIV measurement system (LaVision GmbH) used in the experiments consisted of a 

double-pulsed Nd Yag laser, two high resolution CCD cameras (1600 × 1200 pixels) and 

DaVis 8.3 software. For the cases where the gas and liquid velocity fields were measured 

simultaneously, two CCD cameras were used to record the bubbles and liquid, 

respectively. The liquid velocity field was traced by PMMA-RhB fluorescent particles 

with a diameter range from 20 to 50 µm. The software DaVis 8.3 was used to analyze the 

velocity fields and shear rate profiles. The PIV measurements for gas-liquid flow in the 

ALR were carried out with aeration rates lower than 12 L/min. This limit was used since 

further increase in the aeration rate made optical access to the liquid flow difficult, which 

resulted in low probability of detection of valid velocity vectors. As it is reported (Deen 
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et al., 2000; Deen et al., 2001), PIV technique is still limited to bubbly flows with low gas 

holdup, although it works well for single-phase flows. 

2.1.2 Electrical impedance tomography 

Electrical Resistance/Impedance Tomography (ERT/EIT) has been widely used to study 

gas-liquid mixing, volume fractions and their distributions, and fluid flow patterns for 

stirred tanks and bubble columns (Wang et al., 2005; Abdullah et al., 2011). In contrast, 

investigations on ALRs with ERT/EIT methods have only seldom been reported (Gumery 

et al., 2011; Hamood-ur-Rehman et al., 2013).  

In Publication II, a three-dimensional EIT technique was used to extract local gas holdup 

data and to visualize the gas holdup distribution. An EIT system (Kuopio Impedance 

Tomography 4, KIT4) developed in the University of Eastern Finland (Kourunen et al., 

2009) was used to investigate the effects of the liquid apparent viscosity and the aeration 

rate on the gas holdup and its distribution in an annulus-rising airlift bioreactor 

(Publication II). Three groups of 3-plane EIT sensors were installed to detect the 

conductivity distribution at three heights in order to obtain the gas holdup at typical axial 

positions in the airlift reactor. 48 sensors were equally distributed in three planes for each 

axial position. The designed EIT sensors layout and the EIT measuring procedure used 

are described in Publication II. Local, detailed and well-visualized results of the gas 

holdup distribution can give better understanding of the gas hydrodynamics and bring 

new insights into possible approaches to enhance gas-liquid mass transfer by improving 

the effectivity of gas-liquid contact.  

2.1.3 Digital imaging 

In the current research, a high-resolution CCD camera was used for digital imaging 

measurements based on the back-lighting method. To reduce the error caused by 

overlapping bubbles, an overlapping object recognition algorithm available from PORA 

software (Eloranta et al., 2008) was used to identify the bubbles and analyze the bubble 

size distributions. 
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In Publication II, a digital imaging method was used to investigate the effect of liquid 

viscosity and aeration rate on the bubble size distribution. The bubble Sauter mean 

diameter was calculated and the interfacial area evaluated using measured gas holdup data. 

In Publication III, the gas phase was divided into small bubble and large bubble phases 

for CFD simulation. The number of gas bubble phases and the mean bubble size in each 

phase were determined based on the digital imaging measurements. In Publication IV, the 

bubble size and the corresponding volume fraction were estimated based on the digital 

imaging method.  

2.1.4 Bed expansion and differential pressure drop methods 

The bed expansion method was used to measure the overall gas holdup (Publications I - 

IV). The dependence of the overall gas holdup on the gas superficial velocity was used to 

characterize the flow pattern and for comparison with numerical simulation results. In 

Publication II, the differential pressure drop method was employed to examine the 

applicability of the three-dimensional EIT to airlift reactor measurement. 

2.1.5 Dynamic oxygen absorption method 

A dynamic oxygen absorption method was used to experimentally investigate the mass 

transfer performance of airlift reactors in Publications I – III. The method assumes that 

the liquid phase is mixed perfectly and that oxygen depletion from the gas bubbles is 

negligible.    

2.2 Experimental systems and setups  

2.2.1 Experimental systems 

In Publication I, tap water and a solution of 0.0025 g/g Carboxyl Methyl Cellulose (CMC, 

Finnfix 50000), 6.6 g/L (NH4)2SO4, and 3.7 g/L KH2PO4 were selected to mimic a low 

viscous medium in bioprocesses and cellulase enzyme cultivation solutions (Ahamed and 

Vermette, 2008), respectively. 



30 

In  Publication  II,  CMC  solutions  of  different  mass  concentrations  were  utilized  to  

investigate the effect of non-Newtonian fluids on hydrodynamics and mass transfer. Tap 

water, as a Newtonian fluid, was used for comparison purposes.  

In Publication IV, a solution with 0.14% mass fraction CMC was used as an example of 

a non-Newtonian fluid to investigate the developed numerical model of an airlift 

bioreactor.  

The dynamic viscosity of the fluids used in the research work was measured with a 

modular compact rheometer (MCR 302, Anton Paar, Austria) at a shear rate range from 

1 to 1000 1/s, as shown in Figure 2. 

 
Figure 2. Liquid rheologies of the air-liquid systems. 

The solutions used in the work exhibited shear thinning behavior and the apparent 

viscosity, µapp, can be described by the power law model. The consistency index  and 

the flow index n of the fluids were estimated by fitting a power law equation with the 

least-squares method, as given in Table 2. The surface tension was measured using the 

pendant drop method with a contact angle and surface tension meter (CAM 100, KSV, 

Finland). The measured values are given in Table 2, together with other physical 

properties of the fluids. 
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Table 2. Physical properties of the liquid phases used in the experiments, (Temperature: 20 °C). 

Liquid phase Density 
kg·m-3 

Surface 
Tension Conductivity, 

Apparent viscosity 
 n µapp ( = 50 s-1 ) 

N·m-1 mS·cm-1 Pa·sn  Pa·s 

Tap water 1000.2 0.071 0.109 - - 0.0011 
Model solution 1013.5 0.064 - 0.078 0.755 0.0316 ( = 40 s-

1) 
0.04 wt% CMC 1000.8 - 0.135 0.016 0.84 0.0086 
0.07 wt% CMC 1001.2 - 0.146 0.038 0.77 0.0164 
0.14 wt% CMC 1001.9 - 0.198 0.118 0.68 0.0351 

2.2.2 Experimental setup and aeration modes 

All experimental investigations were carried out in a laboratory-scale internal loop airlift 

bioreactor. Two aeration modes, gas feed into the draft tube (riser) – center-rising, and 

gas feed into the annulus (riser) between the draft tube and the outer column – annulus-

rising, were operated and experimentally studied in Publication I. Schematic diagrams of 

the center-rising airlift bioreactor and the annulus-rising airlift bioreactor are shown in 

Figure 3 (a) – (b), respectively. The dimensions of the experimental setup and the 

operating conditions are given in detail in Publication I. 

The annulus-rising airlift bioreactor was also used in the experimental and simulation 

investigations in Publications II - IV. To investigate the effect of the reactor scale, a large-

scale annulus-rising airlift bioreactor with similar configuration was studied by 

simulation, as described in Publication III.  
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(a) (b) 

Figure 3. Schematic diagram of the experimental setup: (a) Center-rising airlift reactor (CR-

ALR), (b) Annulus-rising airlift reactor (AR-ALR). 
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3. Development of numerical models for airlift reactors 

A two-fluid model with an assumption of a single bubble size can give reasonable 

predictions for multiphase reactors where the bubbles have a narrow size distribution. 

However, in airlift reactors, simulations and predictions with a single bubble size are not 

usually satisfactory for circulation flow regimes II and III (Šim ík et al., 2011). Moreover, 

many chemical and biochemical processes are operated in heterogeneous flow, where 

bubble interactions might be pronounced and cause the bubble size distribution to be wide, 

particularly in fluids with complex physical properties. For this reason, numerical models 

capable of prediction for different circulation flow regimes (Publication III) and models 

able to describe the complex physical phenomena in airlift bioreactors (Publication IV) 

were developed.  

3.1 Three-phase numerical model for airlift reactors  

The three-phase model of an ALR (Publication III) includes two bubble phases as the 

dispersed phases and one liquid continuous phase. The two dispersed bubble phases are 

defined as the large bubble phase and the small bubble phase, respectively. For each 

bubble phase, the bubbles have a uniform size and different mean diameter value 

depending on the superficial gas velocity. In the investigated range of superficial gas 

velocity, the bubble size varies from 0.005 to 0.008 m for the large bubble phase and from 

0.001 to 0.003 m for the small bubble phase in diameter (Publication III, Table II). The 

diameter  ranges  of  the  two  bubble  phases  were  determined  based  on  experimental  

evaluation of bubble size in different sections of the airlift reactor. Momentum transfer 

between the two bubble phases is not considered, neither is bubble coalescence and 

breakage. The momentum transfer between the liquid phase and the bubble phases is 

formulated by taking the drag, lift, wall lubrication and turbulent dispersion forces into 

account (Publication III, Table III). The standard k -  turbulence model was used to 

account for the liquid shear-induced turbulent viscosity. The bubble-induced turbulence 
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contribution was considered by adding an extra viscosity into the effective viscosity, 

where the extra viscosity was calculated using the Sato model (Sato et al., 1981).  

The developed three-phase model (Publication III) improves the predictive capacity of 

the approach for the circulation flow regime III in ALRs and it is computationally 

economic compared with models involving a PBM. The three-phase model, which 

includes a mass transfer model based on penetration theory (Cockx et al., 2001), is well 

capable of predicting the hydrodynamics and mass transfer of airlift reactors with low 

viscous fluids (µL<0.005 Pa s) over the three circulation flow regimes. Furthermore, the 

effect of reactor scale on hydrodynamics and mass transfer is simulated and predicted 

reasonably well when compared with experimental results reported in literature.  

3.2 Coupled CFD-PBM model for airlift bioreactors 

3.2.1 The discrete PBM 

A PBM can be considered as a transport equation for particle number density or its 

corresponding parameters. The PBM can describe and simulate bubble characteristics in 

gas-liquid flow when suitable bubble breakup and coalescence kernel models are used for 

its closure. In the absence of dissolution or evaporation, the discrete PBM for the volume 

fraction of bubble group i in gas holdup can be expressed as (Wang et al., 2003; Xing et 

al., 2013):   
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where ag is the gas holdup and vi is the bubble volume of bubble group i. fi is the volume 

fraction in gas holdup of bubble group i. i,k is the distributing coefficient due to bubble 

coalescence and i,k is the distributing coefficient related to bubble breakup. ci,j is the 

bubble coalescence rate and bi is the bubble breakup rate.  
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3.2.2 Bubble breakup mechanisms and kernel models 

Bubble breakup mechanisms can be described by the balance between the external 

disruptive force and the sum of the interfacial tension force and viscous stress of fluid 

inside a bubble. Bubble breakup is determined by hydrodynamic conditions in the 

surrounding fluid and the characteristics of the bubble itself. The size of unstable bubbles 

that start to deform and possibly split into two or more daughter bubbles can be evaluated 

from this force balance (Hinze, 1955; Acrivos, 1983). Generally, four mechanisms for 

bubble breakup are categorized as: 1) turbulence fluctuations and eddy collisions; 2) 

viscous shear stress; 3) the shearing-off process; and 4) interfacial instability (Liao and 

Lucas, 2009). Compared with bubble breakup induced by turbulence fluctuations and 

eddy collisions, studies on the theory and modelling of bubble breakup caused by viscous 

shear, shearing-off and surface instability are rather rare.  

In turbulent flow, bubble breakup is mainly caused by turbulence fluctuations or by 

turbulent eddies. A variety of kernel models have been developed for bubble breakup rate 

formulation based on different breakup criteria in terms of critical turbulent kinetic energy 

(Chatzi et al., 1989; Luo and Svendsen, 1996; Prince and Blanch, 1990), critical inertial 

force (Lehr and Mewes, 2001; Lehr et al., 2002), critical velocity fluctuation (Alopaeus 

et al., 2002), and the combination of critical turbulent kinetic energy and inertial force 

(Wang et al., 2003; Zhao and Ge, 2007). Typical bubble breakup kernel models are given 

in Table 3.  

For bubbles experiencing significant viscous shear stress in the continuous phase, the 

interfacial tension force is not able to maintain the bubble shape and the bubble ruptures 

into  two  almost  equal  size  daughters  or  several  small  bubbles.  Shear  stress  can  result  

from a large velocity gradient of fluid around the bubble. Shear stress across a bubble 

wake region, where a large part of the trailing bubble is outside the wake, may also lead 

to bubble breakup. The critical diameter for bubble breakup can be evaluated based on a 

critical capillary number that depends on the viscosity ratio and the flow type (Grace, 

1982). In simple shear flow, the breakup frequency for bubbles larger than the critical  
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size can be calculated using empirical correlations (Elemans et al., 1993). 

In the shearing-off process, a large bubble usually fragments into a number of small 

daughter bubbles, and the breakup mechanism is complicated and difficult to describe (Fu 

and Ishii, 2002). In highly viscous flows, bubble skirt becomes unsteady and shears off 

into a number of small bubbles at the rim when the relative velocity between the bubble 

and the liquid phase is high enough. However, experimental and theoretical investigations 

have shown that the interfacial viscous shear force in air-water flow or low viscous 

systems can be negligible (Liao and Lucas, 2009). 

Bubble breakup due to instability occurs when the bubble volume is larger than a 

maximum stable limit. Depending on the density ratio, instabilities are classified as 

Rayleigh-Taylor and the Kelvin-Helmholtz instability. Rayleigh-Taylor instability 

appears when a light fluid is accelerated in a heavy fluid. Kelvin-Helmholtz instability is 

dominant  in  a  breakup process  when the  densities  of  the  two phases  are  close  to  each  

other. The bubble breakup frequency due to instability can be formulated using empirical 

correlations (Wang et al., 2005a, b).   

To solve the PBM, two bubble breakup mechanisms – turbulent eddy collisions and 

interfacial instability, were considered in this study (Publication IV) based on the 

hydrodynamic characteristics investigated in the ALR and the bubble breakup kernel 

models themselves. In general, the bulk shear stress field in ALRs is mild compared to 

mechanically stirred tanks or bubble columns (Chisti, 1989), particularly at low and 

medium aeration rates. In the experimental study of Publication I, a uniform and low-

strength bulk shear rate field was obtained in the ALR under the investigated conditions 

(Figure 7 in Publication I). The turbulence level is significant only at the sparger region 

and at the inlet and outlet zones of the draft tube, due to the combined effects of the sudden 

enlarged cross-section, reversed liquid flow direction, deformed bubbles, and intensive 

bubble movements and interactions. Turbulence fluctuations and eddy collisions is 

considered in many studies (Dhanasekharan et al., 2005; Liao and Lucas, 2009; Liu et al., 

2011a, b; Liu et al., 2013) as the dominant bubble breakup mechanism in turbulent flows, 

which is the most common case in chemical, petrochemical, biochemical and 
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environmental processes. The kernel models for bubble breakup caused by turbulence 

have been widely studied and are relatively well understood, and they are easy to use to 

close the PBM (Liao and Lucas, 2009). Bubble breakup due to interfacial instability is 

included in the developed model and used to describe the phenomenon where large 

bubbles are formed in a viscous liquid medium and cannot survive due to their instability.  

The bubble breakup rate caused by turbulent eddies was calculated using the kernel model 

proposed by Wang et al. (2003), given in Table 4 (Table II of Publication IV). In the 

Wang’s model, two criteria - turbulent kinetic energy of the hitting eddy greater than a 

critical value, and inertial force of the hitting eddy greater than the interfacial force of the 

smallest daughter, are taken into account to calculate the bubble breakup. Figure 4 

illustrates the effect of the energy dissipation rate  on the breakup rate of mother bubbles 

of size db for typical  values in ALRs under the operating conditions used in the study. 

Table 4. Bubble breakup and coalescence kernel models used in the study. 
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The bubble breakup rate increases with increase in the energy dissipation rate, which 

increases the bubble-eddy collision frequency and the kinetic energy contained in eddies. 

The increase of mother bubble size increases the number of eddies with a size equal to or 

smaller than the bubble and results in increasing bubble-eddy collision frequency and 

thereby increasing bubble breakup rate. The effect of liquid viscosity on the bubble 

breakup rate can be reasonably predicted, as shown in Figure 5. The effect of viscosity 

on the breakup rate is not significant when the value of the viscosity is low. With 

increasing viscosity (> 0.01 Pa s) the breakup rate decreases significantly, especially for 

small bubbles. This prediction is in accordance with both experimental study (Wilkinson 

et al., 1993) and physical theory. The number of eddies with a size equal to or smaller 

than the bubble decreases with increasing viscosity, which results in decreasing collision  

  

 

Figure 4. Effect of energy dissipation rate 
on the bubble breakup rate. 

Figure 5. Effect of viscosity on the 
bubble breakup rate. 
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frequency and therefore decreasing breakup rate. The bubble breakup due to instability 

was formulated using the kernel model from Wang et al. (2005a, b) given in Table 4. This 

breakup mechanism only affects the volume fraction of large bubbles.  

3.2.3 Bubble coalescence mechanisms and kernel models 

Bubble coalescence results from the interaction of bubbles with the surrounding fluid and 

interactions between approaching bubbles. Three theories have been presented to describe 

the bubble coalescence process: the film drainage model (Shinar and Church, 1960), the 

energy model (Howarth, 1964), and the critical approach velocity model (Lehr and 

Mewes, 2001; Lehr et al., 2002). The bubble coalescence rate includes the coalescence 

frequency, which is determined by the bubble collision mechanism, and the coalescence 

efficiency, whose formulation depends on the coalescence theory used. The most popular 

and widely used coalescence mechanism model is the film drainage model where the 

bubble coalescence efficiency is characterized by the contact time and the drainage time 

(Liao and Lucas, 2010). A variety of physical models characterized by the collision 

mechanism are available to calculate bubble coalescence frequency in a turbulent flow. 

Based on the collision mechanism, kernel models for bubble coalescence frequency can 

usually be classified into: 1) turbulent fluctuations in the surrounding fluid; 2) mean 

velocity gradient in the flow; 3) different bubble rise velocities; 4) bubble capture in an 

eddy; and 5) wake interactions (Liao and Lucas, 2010). Typical kernel models of bubble 

coalescence frequency and efficiency available in the literature are given in Table 5, 

where c(di, dj) is given without the number density of bubbles i and j. To solve the PBM, 

the number density of the bubbles needs to be included, as given in Equation (1).  

Based on the investigated hydrodynamic characteristics in the ALR, the cumulative 

contribution from three bubble coalescence mechanisms were included in the study 

(Publication IV) together with two bubble breakup mechanisms. The three coalescence 

mechanisms are bubble coalescence due to turbulent eddies (cT), coalescence due to 

different bubble rise velocities (cU) and coalescence due to wake entrainment (cW). The 

kernel models proposed by Wang et al. (2005a, b) were used in the study (Publication 

IV), given in Table 4. In the kernel model for bubble breakup due to turbulent eddies, the 
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effects of gas holdup and effective bubble turbulent path length is considered to modify 

the bubble collision frequency formulation. The contributions of the different bubble 

coalescence mechanisms are compared in Figure 6 in terms of bubble coalescence rate. It 

can be seen that cT is much larger than cW and cU when the bubble size is smaller than 10 

mm. For large bubbles, cW and cU are dominant. cW increases rapidly with increasing 

bubble size, which implies that cW plays a crucial role in the non-homogeneous regime. 

 

 

Figure 6. Bubble coalescence rate for different coalescence mechanisms. 
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Figure 7 shows the effect of viscosity on cU which increases with increasing viscosity. 

The effect of viscosity is limited to a certain range where bubble size is smaller than 5 

mm. For large bubbles, cU is more sensitive to high viscosity. With the coalescence model 

used in this study, the viscosity has no effect on cT and cW. 

 
Figure 7. Effect of viscosity on the coalescence rate due to difference in bubble rise 

velocities. 

3.2.4 Turbulence modelling for gas-liquid flows simulation 

Turbulence in dispersed gas-liquid multiphase flow plays an important role in 

determining gas holdup distribution, liquid velocity fields, and mass and heat transfer. 

Turbulence in gas-liquid turbulent flow includes the shear-induced turbulence of the 

continuous phase and bubble-induced turbulence of the dispersed phase. The shear-

induced turbulence of the continuous phase can be calculated using single-phase 

turbulence models. For dispersed gas-liquid turbulent flow in ALRs, the standard k-  

turbulence model has been widely used, and it is considered a robust model with 

satisfactory accuracy (Lopez de Bertodano et al., 1994; Lehr and Mewes, 2001; Wang et 

al., 2005a, b; Xiang et al., 2013). The presence of a gas phase in a liquid turbulent flow 

has  effects  on  the  structure  and  intensity  of  the  turbulent  motions.  Turbulence  can  be  

generated by bubbles even in laminar flows, which is usually referred to as pseudo-
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turbulence (Hosokawa and Tomiyama, 2013; Rzehak and Krepper, 2013 a, b). The 

introduction of bubble-induced turbulence is considered to be consistent with the physics 

of vertical bubbly flow and is important in gas-liquid multiphase flow, particularly for 

bubble breakup and coalescence processes.  

For Eulerian two-fluid models based on a Reynolds averaged Navier Stokes approach, 

the bubble-induced turbulence can be simply included by adding an extra bubble-induced 

contribution to the effective viscosity, typically using the model proposed by Sato (1981). 

Satisfactory predictions for gas holdup and liquid velocity have been obtained (Rzehak 

and Krepper, 2013 a, b) using this approach to include the contribution of bubble-induced 

turbulence. The approach, however, does not predict directly turbulent kinetic energy or 

dissipation. In more complex approaches, the bubble-induced contribution is introduced 

by two-time constant models assuming superposition of turbulence models (Lahey et al., 

1993; Lopez de Bertodano et al., 1994; Wang et al., 2005 a, b; Xing et al., 2013) or by 

including source terms in the unmodified turbulence transport equations (Politano et al., 

2003; Rzehak and Krepper, 2013 a, b). The two-time constant equation modelling 

approach provides more accurate and improved prediction of turbulence kinetic energy 

and energy dissipation rate,  and, in most cases,  is  preferable to the approach of simply 

adding an extra viscosity term. 

In Publication IV of this thesis, bubble-induced turbulence was considered using the two-

time constant model given in Table I of Publication IV (Lahey et al., 1993). The two-time 

constant model is based on linear superposition of the shear-induced turbulence and the 

bubble-induced turbulence. Figure 8 illustrates the contribution of the bubble-induced 

turbulence calculated using the two-time constant model by comparing the calculated 

bubble-induced turbulence to the calculated shear-induced turbulence and the overall 

turbulence. In Figure 8, the radial profile of turbulent kinetic energy is compared for the 

air-CMC system at  the  top  of  the  ALR with  the  PIV measurements  carried  out  in  this  

study. It can be seen that the contribution of the bubble-induced turbulence calculated 

using the two-time constant model is less than that of the shear-induced turbulence. 

However, taking the bubble-induced turbulence into consideration improves the 



45 

 
 
 

prediction of the turbulent kinetic energy relative to experimental data due to the 

increased turbulence generated by the flowing bubbles. Therefore, it is concluded that the 

two-constant model is suitable for modification of turbulence calculation for prediction 

of bubbly flow in ALRs. 

 
Figure 8. Comparison of turbulent kinetic energy between the simulation and 

experiment for air-CMC solution. 

3.2.5 Coupling of PBM into CFD simulation 

A computational fluid dynamics model coupled with a discretized population balance 

equation (Wang et al., 2005b) was developed in Publication IV to simulate and predict 
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(Publication IV, Table 2) were considered to account for the complex bubble interactions 

in non-Newtonian fluids, particularly in the heterogeneous flow regime. The multiple 

coalescence mechanisms included coalescence due to turbulent eddies, coalescence due 
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breakage caused by eddy collisions and large bubble instability (Wang et al., 2005b; Xing 
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-1.00 -0.75 -0.50 -0.25 0.00
0.000

0.015

0.030

0.045

0.060

 

 

 

 

 Exp

Air-CMC solution, Ug=2.04 cm/s, H=0.68 m 

Tu
rb

ul
en

t k
in

et
ic

 e
ne

rg
y 

k,
 m

2 /s
2

 Shear-induced & bubble-induced turbulence
 Shear-induced turbulence
 Bubble-induced turbulence

r/R



46 

groups were assumed to have identical flow velocity. The drag, lift, wall lubrication and 

turbulent dispersion forces were considered in the momentum transfer between the gas 

and liquid phases in the momentum equations, where each bubble size class is used with 

the corresponding volume fraction to formulate the drag, lift, and wall lubrication forces 

(Publication IV, Table 1). A modified k-  model (Lahey et al., 1993), which accounts for 

both the shear-induced turbulence and the bubble-induced turbulence, was used to 

describe the liquid phase turbulence. The turbulent viscosity of the gas phase was 

formulated based on the liquid turbulent viscosity (Jakobsen, 1993).  

The coupling of the discretized population balance equation with the computational fluid 

dynamics model was implemented in ANSYS Fluent 14.5 by defining user-defined 

scalars. The volume fraction of the bubble group i in the total gas volume was defined as 

a resolved scalar and resolved from its transportation equation in the solver. The bubble 

coalescence and breakage rates were introduced into the transportation equation using 

user-defined functions. The apparent viscosity of the non-Newtonian fluid was described 

with a power law equation (Publication IV, Eq. (1)) obtained from experiments. Bubble 

size distribution was resolved from the PBM using the gas holdup and the kinetic energy 

dissipation rate calculated in the CFD. The bubble size distribution obtained from the 

PBM was used to formulate the interphase forces and the turbulence modification closure 

terms for the two-fluid model. 

 



47 

 
 
 

4. Results and discussion 

4.1 Experimental results 

4.1.1 Effect of aeration modes 

A detailed quantitative experimental investigation (Publication I) of the hydrodynamics 

and mass transfer was performed for the center- (CR-ALR) and annulus-rising airlift 

bioreactors (AR-ALR) to better understand the pros and cons of the aeration modes. 

Comparisons of the overall gas holdup, local liquid velocity, liquid circulation time, shear 

rate distribution and volumetric mass transfer coefficient were presented in order to 

facilitate selection of the aeration mode for internal-loop airlift bioreactor applications. 

The experimental results show that the overall gas holdup (Publication I, Fig. 3) is higher, 

for comparable conditions, in the AR-ALR than in the CR-ALR because more bubbles 

are entrained into the downcomer. This is in accordance with the better anti-foaming 

characteristics of the AR-ALR observed in the experiments (Publication I, Fig. 2). The 

increased liquid circulation time (Publication I, Fig. 6) in the AR-ALR compared with the 

CR-ALR indicates that the driving force for liquid circulation is lower due to increased 

gas holdup in the downcomer. The results suggest that there is a trade-off for ALRs 

between the two aeration modes regarding high gas holdup and fast mixing. Gas-liquid 

mass transfer performance in the AR-ALR is better than in the CR-ALR (Publication I, 

Fig. 9) in terms of kLa, although the effect of the aeration mode on kLa is not as obvious 

as on the overall gas holdup. 

Liquid velocity fields in the CR-ALR and AR-ALR were obtained for water and model 

solution from PIV measurements. As an example, Figure 9 (Publication I, Fig. 4) shows 

the liquid velocity fields for water and model solution in the CR-ALR and AR-ALR at 

Ug 1.18 cm/s. For comparable conditions (Figure 9a versus Figure 9c and Figure 9b versus 

Figure 9d), the liquid velocity profiles are less uniform in the CR-ALR than in the AR-

ALR, particularly for the air-model solution system. At the downcomer inlet location 

marked with a green dashed line in Figure 9, the local liquid circulating velocity into the 
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downcomer is higher in the AR-ALR than in the CR-ALR, which reasonably explains the 

higher overall gas holdup and the more extensive entrainment of bubbles in the AR-ALR. 

It can be noted that the flow structure at the top region of the CR-ALR clearly differs 

from that of the AR-ALR, as can be seen from Figure 9 (a) vs (c) and Figure 9 (b) vs (d). 

The liquid flow forms a large circulation cell in the CR-ALR, whereas two circulation 

cells exist in the AR-ALR due to a small cell appearing at the top region.  

The shear fields of the CR-ALR and the AR-ALR at Ug 1.18 cm/s are compared in Figure 

10. It can be seen that the shear rate for the air-model solution is relatively high in the 

riser and downcomer of the CR-ALR compared to the air-water system. In the AR-ALR, 

the  profile  of  the  shear  rate  is  little  affected  by  the  model  solution  and  the  shear  rate  

becomes only slightly larger in the riser. This indicates that the homogeneity of the model 

solution is better in the AR-ALR than in the CR-ALR. In principle, this homogeneous 

environment, where the nutrient concentration gradient is lower, will benefit biomass 

cultivation processes. It is also found that the local maximum shear rate for the air-water 

system first increases and then decreases with increasing Ug. Therefore, increasing Ug 

might be a way to improve the homogeneity of reaction media in fermentation processes 

operated in ALRs. 

4.1.2 Local gas distribution and mass transfer characteristics 

Superior performance of the AR-ALR over the CR-ALR as regards anti-foaming, high 

overall gas holdup, uniform shear rate fields and high overall mass transfer was found for 

bioprocess applications in Publication I. It was further noted that studies on AR-ALRs 

are relatively scarce compared to work on CR-ALRs (Koide et al., 1983).  

The mass transfer rate of sparingly soluble gas to the liquid phase is the limiting factor 

for many chemical and biochemical processes operated in ALRs and it often determines 

the achievable production yield. Additionally, aeration conditions selected based on 

bench-scale cultivation studies may not generate sufficiently effective gas distribution in 

airlift bioreactors, which might lower the specific mass transfer rate and the expected 

yield of desired products (Lennartsson et al., 2011). Therefore, extensive experimental 
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a b c d 

Figure 9. Liquid velocity fields at Ug 1.18 cm/s: (a) CR-water, (b) CR- model solution,  

(c) AR- water, (d) AR- model solution. 
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a b c d 

Figure 10. Shear rate fields at Ug 1.18 cm/s: (a) CR-water, (b) CR-model solution,  

(c) AR-water, (d) AR-model solution. 
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studies on the gas distribution and mass transfer characteristics, i.e. gas holdup, bubble 

size, interfacial area, volumetric mass transfer coefficient and liquid-side mass transfer 

coefficient,  were  performed  in  an  AR-ALR  with  non-Newtonian  fluids  of  different  

apparent viscosities in order to obtain information valuable for the design of suitable 

reactors and for optimization of aeration conditions (Publication II). 

The accuracy of the EIT measurements of the AR-ALR was confirmed by comparing the 

EIT results to results for the conventional pressure difference method (Publication II, Fig. 

3). The EIT results (Publication II, Fig. 4) show that the axial profiles of the local gas 

holdup in the riser of the AR-ALR become significant at high Ug and liquid apparent 

viscosity. The gas holdup at the inlet of the downcomer and near the gas distributor is 

impacted by the draft tube due to the change in liquid flow direction. Cross-sectional gas 

holdup distributions at a given axial height in the riser were retrieved from experimental 

data acquired by EIT using an image reconstruction method. Figures 11 and 12 show that 

gas holdup and gas holdup distribution are promoted by higher superficial gas velocity 

but the effect is decreased by increasing liquid viscosity. In highly viscous liquid, bubble 

formation at the gas distributor was even partially prevented, due to viscous drag, and gas 

holdup and gas holdup distribution in the whole riser clearly declined, as shown in Figures 

11 (d) and 12 (d). The reconstructed gas holdup images show the asymmetrical 

characteristic of the gas distribution in the AR-ALR. This asymmetrical distribution is 

related to the initial gas distribution, which is determined by the gas distributor and the 

bubble movement characteristics in the riser of the AR-ALR as well as the influence of 

liquid viscosity. Thus, one possible solution to promote gas distribution in the AR-ALR 

could be to improve the initial gas distribution by optimizing the gas distributor structure.  

Bubble size distribution (BSD) in water (Publication II, Fig. 8 (b)) is unimodal and 

becomes broader at high Ug. The BSD in non-Newtonian fluids (Publication II, Fig. 8 (b)) 

with  high  viscosity  (>  0.02  Pa  s)  become  bimodal  at  high  Ug. Bubble Sauter mean 

diameter increases with Ug and liquid apparent viscosity (Publication II, Fig. 9), which is 

attributed to the number of large bubbles increasing at the expense of small bubbles  
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 h3 

h2 

h1 

          (a)           (b)          (c)          (d) 

Figure 11. Gas holdup distribution measured by EIT at Ug = 1.18 cm/s in: (a) Water,  
(b) 0.04 wt.% CMC, (c) 0.07 wt.% CMC, (d) 0.14 wt.% CMC. 

h3 

h2 

h1 

          (a)          (b)           (c)           (d) 
Figure 12. Gas holdup distribution measured by EIT at Ug = 2.55 cm/s in: (a) Water,  

(b) 0.04 wt.% CMC, (c) 0.07 wt.% CMC, (d) 0.14 wt.% CMC. 
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along the axial height of the riser. The difference in BSD characteristics in water and 

CMC solutions implies that bubble coalescence and breakup are much more intensive and 

complex at high viscosity. The BSD results are also in accordance with the gas holdup 

distribution characteristics of the different fluids. The interfacial area (Publication II, Fig. 

10) between the gas and liquid phases increases linearly with superficial gas velocity and

declines with increasing liquid viscosity. Changes in the interfacial area along the axial 

position become more apparent at high Ug and liquid viscosity (Publication II, Fig. 11). 

The largest value of the interfacial area is found to appear at the fully developed zone in 

the riser. 

The mass transfer performance is influenced by the hydrodynamics in the AR-ALR. The 

volumetric mass transfer coefficient is affected positively by increased superficial gas 

velocity and negatively by increased liquid viscosity, as shown in Figure 13. The 

influence of the superficial gas velocity on the mass transfer coefficient reduces with 

increasing liquid viscosity. The results show that kLa increases with superficial gas 

velocity and the increasing trend declines with increasing CMC concentration. The 

variation of kLa with Ug is similar to the overall gas holdup in each air-liquid system, 

although kLa is a little more sensitive to liquid viscosity. This indicates that the gas-liquid 

Figure 13. Influence of the superficial gas velocity and solution concentrations on kLa. 
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mass transfer rate is closely related to the overall gas holdup in the AR-ALR and strongly 

influenced by the liquid viscosity (Publication II, Fig. 2). 

Figure 14 gives the liquid-side mass transfer coefficient kL obtained by dividing the kLa 

using the average interfacial area. The average interfacial area was evaluated using the 

overall gas holdup and the average value of the Sauter mean diameter obtained at three 

axial positions (Eq. 8 in Publication II). Figure 14 shows that first kL slightly increases 

with Ug and then becomes insensitive to Ug. However, kL decreases significantly with 

increasing CMC concentration. The results are in agreement with the study of Yoshimoto 

et al. (2007). It is well known that turbulence intensity increases with Ug and reduces with 

liquid viscosity. In addition, liquid viscosity also increases mass transfer resistance due 

to lower diffusivity. Therefore, increasing solution concentration leads to lower kL, while 

kL increases with Ug to some extent. The dependence of kL on d32 shows that kL increases 

slightly with bubble size in both Newtonian and non-Newtonian fluids. In the studied 

range, kL in Newtonian fluids is more sensitive to d32 in the homogeneous flow regime, 

whereas  in  non-Newtonian  fluids  it  is  more  sensitive  to  d32 in  the  heterogeneous  flow 

regime. 

      
Figure 14. Influence of superficial gas velocity and solution concentrations on kL. 
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4.2 Numerical simulation results 

4.2.1 Three-phase model of airlift reactors 

A three-phase ALR model, that is, an Eulerian model with two bubble phases, was 

developed to simulate the hydrodynamics and mass transfer of laboratory- and large-scale 

AR-ALRs operating in the three circulation flow regimes (Publication III). The developed 

three-phase model was able to capture the three circulation flow regimes of the AR-ALR 

(Publication III, Fig. 4) in a similar way as observed in experiments. Good agreement for 

gas holdup (Publication III, Fig. 3) and volumetric mass transfer coefficient (Publication 

III, Fig. 5) were obtained between the simulations and experiments. 

Simulation of a large scale AR-ALR with identical geometrical proportions and 4.5 m 

height was performed in order to investigate the effect of reactor scale on the 

hydrodynamics and mass transfer. The simulated overall gas holdup and volumetric mass 

transfer coefficient agreed well with experimental studies from the literature (Deng et al., 

2010). The simulations showed that the average liquid velocities are higher in large-scale 

AR-ALRs than in laboratory-scale reactors, as shown in Figure 15. A similar result has 

been reported by van Baten et al. (2003), who attributed the difference to reduced 

frictional losses of the liquid phase in the larger-scale reactor. 
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Figure 15. Cross-sectional area averaged liquid velocity at the half of reactor height: 

(a) in riser, (b) in downcomer. 
 

4.2.2 CFD-PBM coupled simulation of an airlift bioreactor 

Numerical simulations (Publication IV) were performed with the developed CFD-PBM 

coupled model of an airlift bioreactor to deepen understanding of the hydrodynamic 

characteristics of multiphase bioreactors. Local and detailed simulation results can 

provide valuable information that can contribute to effective design and optimization of 

ALRs in practical applications. In the numerical simulations, an assumption of two-

dimensional axis-symmetry was used based on the geometrical symmetry of the ALR and 

for reasons of computational costs.  

At Ug of 1.18 cm/s, the simulated evolution of bubble size in the ALR is presented in 

Figure  16  for  the  air-water  and  in  Figure  17  for  the  air-CMC system.  The  bubble  size  

distribution (BSD) at the inlet boundary is given based on experimental measurements 

for each system, as shown in Figure 16 (a) and 17 (a). It can be seen that the simulated 

BSD changes only slightly for both the air-water and the air-CMC systems. The BSD 

characteristics indicate that bubble breakup and coalescence in the ALR is not significant 

at Ug of 1.18 cm/s due to the low turbulence level. The small increase in the volume 

fraction of large bubbles results from the contributions of the coalescence kernel models 

at low .   
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(b) (b) 

  
(a) (a) 

Figure 16. Evolution of bubble size for air-
water in the ALR at Ug of 1.18 cm/s. 

Figure 17. Evolution of bubble size for air-
water in the ALR at Ug of 1.18 cm/s. 

With increasing Ug, bubble breakup and coalescence rates become considerable for both 

two-phase systems due to increase in gas holdup and turbulence intensity. Figure 18 

shows the evolution of the simulated bubble size in the ALR with air-water at Ug of 2.04 

cm/s, where (a) gives the BSD at the inlet boundary evaluated from experiments. The 

mean bubble size (at which the peak of the volume fraction distribution appears) 

decreases from 5 to 4 mm and the BSD becomes slightly broader, as shown in Figure 18. 

This evolution illustrates that bubble breakup due to turbulent collisions is dominating 

for air-water at Ug of 2.04 cm/s at the top zone of the ALR. Figures 19 (a) and (b) give, 

respectively, the BSD at the inlet boundary and the simulated BSD at the top zone in the 

ALR with the air-CMC solution at  Ug of 2.04 cm/s.  It  can be seen that the BSD at the 
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(b) (b) 

  
(a) (a) 

Figure 18. Evolution of bubble size for air-
water in the ALR at Ug of 2.04 cm/s. 

Figure 19. Evolution of bubble size for air-
water in the ALR at Ug of 2.04 cm/s. 

top zone becomes broader and larger bubbles appear at the top zone compared to the inlet. 

The mean bubble size increases from 5 to 6 mm and the volume fractions of small bubbles 

(< 2 mm) decrease at the top zone, as shown in Figure 19. The evolution of the bubble 

size characteristics in the air-CMC solution suggest that bubble coalescence is prevailing 

for the air-CMC system in the ALR at Ug of 2.04 cm/s. In view of the effect of the different 

kernel models for the different coalescence mechanisms (see Figure 6), it can be 

concluded that coalescence due to turbulent collisions probably contributes the greatest 

part to the simulated bubble sizes. Moreover, coalescence due to wake entrainment and 

different rise velocities is also considerable, since cW and cU is comparable to cT for those 

bubbles larger than ~ 6 mm, as shown in Figure 6.  
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The calculated bubble sizes from the developed CFD-PBM coupled model were 

compared with experimental measurements at the top zone of the ALR. A fair agreement 

was obtained for the bubble size distribution (Publication IV, Fig. 5) and for the bubble 

Sauter mean diameter (Publication IV, Fig. 6). The bubble size is characterized by a 

narrow distribution in both water and CMC solution at a low superficial gas velocity of 

1.18 cm/s (Publication IV, Fig. 5 a) and c)), which is a result of negligible bubble breakup 

and coalescence due to low gas holdup and turbulent intensity. At higher superficial gas 

velocity of 2.04 cm/s, however, bubble size distributions became broad in water and even 

bimodal in the CMC solution (Publication IV, Fig. 5 b) and d)). The bubble Sauter mean 

diameter is slightly under-predicted in water and over-predicted in CMC solution. These 

simulated BSD results are most probably obtained because the breakup sub-models in the 

PBM are much more sensitive to the viscosity (> 0.01 Pa s) compared to the coalescence 

models (Xing et al., 2013). The simulated overall gas holdup (Publication IV, Fig. 4) 

increases with superficial gas velocity and is higher in air-water than in air-CMC solution 

at identical Ug, which matches well with the experiments. The radial profiles of the axial 

liquid velocity are more uniform for air-water than for the air-CMC solution, particularly 

in the downcomer, which is predicted well with the developed model. The liquid velocity 

profile at the top of the ALR (Publication IV, Fig. 9 - 10) is notably different in the air-

water system than in the air-CMC solution at high Ug, which might be attributable to the 

effects of movement of large bubbles and bubble wakes.    

The velocity fields for the simulations and experiments are compared for the air-water 

system at Ug of 2.04 cm/s in Figure 19 and for the air-CMC solution in Figure 20. When 

compared  with  PIV measurements,  the  velocity  fields  of  the  gas  and  liquid  phases  are  

generally well predicted with the developed CFD-PBM coupled model. The liquid flow 

structure at the top of the ALR in the air-water system (Figure 19 (a) and (c)) is clearly 

different from that in the air-CMC solution (Figure 20 (a) and (c)),  as seen in both the 

PIV measurements and numerical simulations. The well-matched results between the 

simulations and experiments indicate that for the investigated conditions, the developed 

CFD-PBM model is able to describe the hydrodynamics in the ALR with reasonable 

accuracy.  
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 (a) (b)  (c) (d) 
Figure 19. Velocity fields of AR-ALR with water at Ug=2.04 cm/s: 

(a) liquid velocity - PIV, (b) gas velocity - PIV, (c) liquid velocity - simulation,  
(d) gas velocity - simulation. 
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 (a) (b)  (c) (d) 
Figure 20. Velocity fields of AR-ALR with CMC solution at Ug 2.04 cm/s: 

(a) liquid velocity - PIV, (b) gas velocity - PIV, (c) liquid velocity - simulation, 
(d) gas velocity - simulation. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

y 
(m

m
)

 

650

700

750

800

 

650

700

750

800

 

 

350

400

450

500

550

600

 

 

-60 -40 -20

350

400

450

500

550

600

x (mm)

 

 

-60 -40 -20
0

50

100

150

200

250

300

x (mm)

 

 

-60 -40 -20
0

50

100

150

200

250

300



62 

5. Conclusions 

In this thesis, hydrodynamics and mass transfer in the airlift bioreactor were studied 

experimentally and with numerical simulation. Hydrodynamics and mass transfer are 

important factors that directly determine reactor performance. Experimental results from 

novel and advanced measurement techniques provided valuable hydrodynamic data for 

airlift bioreactors and brought new insights into potential approaches for improvement of 

mass transfer. Numerical models were developed for airlift bioreactors for low viscous 

Newtonian fluids and viscous non-Newtonian fluids respectively. In the models 

developed, bubble size characteristics are taken into account using the simplified two-

class  model  and  PBM,  respectively.  The  simulation  results  are  well  matched  with  

experimental values and give improved understanding of the flow mechanisms behind 

multiphase flow in airlift bioreactors. The findings provide valuable information enabling 

improved reactor design, scale-up and optimization.  

Detailed experimental investigations and comparisons of center-rising and annulus-rising 

airlift bioreactors are presented in the thesis. This work improves understanding of the 

pros and cons of the two aeration modes, thus enabling appropriate selection of airlift 

reactor type and facilitating effective utilization of airlift bioreactors. The results show 

that the annulus-rising airlift bioreactor performs better than the center-rising airlift 

bioreactor in terms of overall gas holdup, mass transfer and foam layer thickness 

(Publication I, Figure 2.). As a trade-off between high gas holdup and fast mixing, the 

liquid circulation time in the annulus-rising airlift bioreactor is longer than in the center-

rising reactor. Novel and interesting results concerning different liquid circulation 

structures and shear rate fields were found for the center-rising and annulus-rising airlift 

bioreactors. Greater knowledge of local hydrodynamics will aid researchers and engineers 

in further research and development of airlift bioreactors. 

Mass transfer characteristics and local gas holdup distributions were experimentally 

studied in an annulus-rising airlift bioreactor for non-Newtonian fluids, which are 

commonly encountered in industry. Novel visualized results of gas distribution and local 
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gas holdup were obtained by introducing and applying a three-dimensional electrical 

impedance tomography method, thus bringing new insights into potential approaches for 

improving aeration and enhancing gas-liquid contact. The local measurement results 

showed that the changes in gas hydrodynamics in the axial direction become significant 

at high superficial gas velocity and apparent viscosity. The maximum value for the local 

gas holdup and the interfacial area was found at the fully developed flow zone in the 

middle of the riser. The uniformity of the gas distribution was reduced significantly by 

increased liquid viscosity. This non-uniformity could be slightly improved by increasing 

the superficial gas velocity. A possible effective solution to promote greater uniformity 

of the gas distribution could be to improve the initial gas distribution by optimizing the 

gas distributor structure.  

The liquid-side mass transfer coefficient and the gas-liquid interfacial area were 

investigated separately, which gives better understanding of mass transfer and 

hydrodynamics in airlift bioreactors.  It was found that the liquid-side mass transfer 

coefficient in an airlift reactor is mostly dependent on the liquid viscosity and bubble size 

rather than the superficial gas velocity.   

Computational fluid dynamics simulation can predict airlift bioreactors accurately 

provided that the numerical model used describes the physical phenomena of the 

multiphase flow well. In the current research, a three-phase model for airlift bioreactors 

was developed for low viscous Newtonian fluids that was able to predict the 

hydrodynamics and mass transfer well over three circulation flow regimes. The developed 

three-phase model was capable of giving reasonable predictions for the effect of reactor 

scale, which were verified by comparison to experiments in published literature. 

Additionally, a computational fluid dynamics model for airlift bioreactors in which wide 

bubble size distribution, attributed to bubble coalescence and breakup, is taken into 

account was developed for non-Newtonian fluids in order to improve the confidence of 

the model predictions. Simulations showed that the liquid flow structure at the top of the 

reactor differs for the air-non-Newtonian fluid system and the air-Newtonian fluid system, 

which matches well with experimental data. Good agreement on bubble size, overall gas 
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holdup and velocity fields between the experimental and simulated results was found. 

This good agreement suggests that the developed computational fluid dynamics model is 

able to describe and predict the hydrodynamics in an airlift bioreactor with non-

Newtonian fluids with reasonable accuracy.   
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6. Suggestions for future work 

Inadequate gas-liquid mass transfer is considered as one of the main factors preventing 

commercialization of many green technologies. Effective and economic solutions for 

improved mass transfer of sparingly soluble gases in industrial airlift bioreactor 

applications are sorely needed. The aim of improving mass transfer in bioreactors forms 

the background to the current research, and it will most likely be the main driver of future 

research work in airlift bioreactor applications. This objective can probably be best 

achieved by improving the hydrodynamics in airlift bioreactors.  

Experimental results show that the mass transfer rate in annulus-rising airlift reactors is 

higher than in center-rising airlift bioreactors, which is attributed mainly to the amount of 

bubbles dragged into the downcomer and the higher gas holdup in annulus-rising airlift 

bioreactors. Therefore, alteration of the flow regime in which the reactor operates, e.g. 

promotion of circulation flow regime III, may enhance mass transfer, since it enables an 

increase in the gas residence time and the specific interfacial area in the reactor. 

Additionally, investigation of mass transfer and hydrodynamics of gas-liquid-solid 

systems operated in airlift bioreactors is required. Comprehensive understanding of such 

systems is needed by both industry and academia. 

The computational fluid dynamics model developed in this thesis considers the multiple 

breakup and coalescence mechanisms and several bubble size groups in order to better 

describe the bubble characteristics in airlift bioreactors. Thus, relatively large computing 

resources are needed for the developed model with discretized PBM to calculate the BSD 

and hydrodynamics, especially for large scale ALRs.  To achieve better prediction of 

airlift bioreactors with more economical use of computational resources, further studies 

on bubble breakup and coalescence behavior in non-Newtonian fluids are essential, 

including sub-models for bubble breakup and coalescence and comprehensive bubble size 

data. More efficient numerical methods are required to calculate the PBM and to couple 

the PBM with computational fluid dynamics models.  
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