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Abstract 

Adequate provision of oxygen to aerobic bioprocesses is essential for the 

optimisation of process kinetics. In bioprocesses in which the feedstock is an 

alkane, the supply of sufficient oxygen is of particular concern because the 

alkane molecular structure is deficient in oxygen. As a result, the oxygen 

demand has to be met solely by transfer of oxygen to the culture, 

necessitating a proportionately higher requirement for oxygen transfer.  

Maximisation of the rate of oxygen transfer is therefore of key importance in 

optimising the potential for alkane bioconversion, with respect to both 

operation and scale up. Nevertheless, the oxygen transfer rate (OTR), and its 

dependence on the overall volumetric mass transfer coefficient (KLa) in 

alkane-aqueous dispersions is not yet well understood. 

In view of the importance of an adequate OTR in the optimisation of alkane 

bioconversion, this study has focused on the identification and elucidation of 

the factors which underpin the behaviour of KLa in an alkane-aqueous 

dispersion. KLa behaviour was quantified in terms of the pressures imposed 

by turbulence and alkane fluid properties, through their influence on the 

Sauter mean diameter (D32), gas hold up, gas-liquid interface rigidity and gas-

liquid interfacial area per unit volume. These properties were correlated with 

KLa over a wide range of agitation rates and alkane concentrations in alkane-

aqueous dispersions.  

Experiments were conducted in a 5 litre aerated and agitated bioreactor at 

agitation rates of 600, 800, 1000 and 1200 rpm and alkane (n-C10-C13 cut) 

concentrations of 0, 2.5, 5, 10, and 20% (v/v). KLa determination was 

executed using both the gassing out and pressure step methods. The 

accuracy and reliability of these methods were compared under the full range 

of agitation rates and alkane concentrations. The pressure step method was 

conclusively shown to be superior provided that probe response was taken 

into account, and was therefore used in the correlations. The interfacial areas 

corresponding to the KLa values were calculated from the combined effects of 

D32 and gas hold up. D32 was determined from the measurement of the 

dispersed air bubble diameters by means of a photographic technique and 
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image analysis. Image analysis was performed by a program that was 

developed in Matlab® using image acquisition and image processing 

techniques. This program used these techniques to extract information of the 

gas bubbles in the image. The gas hold up was determined using the 

dispersion height technique. 

The behaviour of KLa was shown to be dependent on both agitation and 

alkane concentration. Increasing agitation from 600 to 1200 rpm increased 

KLa for each of the alkane concentrations. The influence of agitation on the 

interfacial area was evaluated over the same range of agitation rates and the 

relationship between the corresponding KLa values and interfacial areas 

assessed. Increasing agitation rate similarly enhanced the interfacial area 

available for transfer for each of the alkane concentrations, resulting in the 

concomitant increase in KLa. This increase in interfacial area was related 

directly to a shear-induced decease in D32 and indirectly to an increased gas 

holdup as a result of the lower rise velocity of the smaller bubbles.  

In addition to the agitation, the presence of alkane markedly influenced KLa 

behaviour, but in different ways, depending on the alkane concentration. 

Alkane concentration between 2.5 and 5% (v/v) reduced D32 at constant 

agitation of 800, 1000 and 1200 rpm, a likely consequence of decreased 

surface tension and retarded coalescence conferred by the alkane. The 

smaller D32 and the consequential enhanced gas hold up served to amplify 

KLa through increased interfacial area. However, as alkane concentration was 

increased above 5% (v/v), the gas hold up decreased despite a continued 

decrease in D32, resulting in a corresponding decrease in both the interfacial 

area and KLa. This suggests that at the higher alkane concentrations, the 

influence of viscosity predominated, exerting multiple negative influences on 

the interfacial area and oxygen transfer coefficient. The trends were however, 

not observed at the low agitation of 600 rpm, where turbulence was 

significantly reduced and KLa was repressed for all alkane concentrations.  

The pressures imposed by turbulence and alkane properties on the interfacial 

area defined locales of KLa behaviour and three distinct KLa behavioural 

trends were identified, depending on the agitation rate and alkane 

concentration. Regime 1 was constrained between 2.5 and 5% (v/v) for 
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agitation rates of 800 rpm and above. Here KLa enhancement was directly 

associated with increased interfacial area which was the major factor defining 

KLa in this regime. Regime 2 was constrained by alkane concentrations higher 

than 5% (v/v) for agitation rates of 800 rpm and above. In this regime, the KLa 

depression was observed with increasing alkane concentration suggesting a 

predominant influence of viscosity which would be likely to exert multiple 

negative influences on KLa, through both the interfacial area and KL. The 

interfacial area in this regime decreased mainly due to the negative effect of 

viscosity on gas holdup. Regime 3, characterised by a decline in KLa 

irrespective of the alkane concentration, occurred at agitation rates smaller 

than 800 rpm. It is likely that at low agitation rates, the contribution of 

turbulence was insufficient to exert a positive influence on the interfacial area 

In this regime, the interfacial decreased through the combined negative effect 

of increased D32 and decreased gas holdup.  

The resultant variation in OTR depended directly on the relative magnitudes 

of the KLa and oxygen solubility and indirectly on the process conditions which 

defined these magnitudes. Under conditions of enhanced KLa, OTR benefited 

from the combined increases in KLa and oxygen solubility. However, under 

conditions of KLa depression, the elevated oxygen solubility did not invariably 

outweigh the influence of KLa depression on OTR. Consequently, despite the 

considerably increased solubility of oxygen in alkane-based bioprocesses a 

potential decrease in OTR through depressed KLa underlines the critical 

importance of the quantification of this parameter in alkane-aqueous 

dispersions and the necessity for a definition of the locales of optimal KLa. 

Through the identification of the parameters which underpin the behaviour of 

KLa in alkane-aqueous dispersions and the quantification of the effect of 

process conditions on these parameters, a fundamental understanding of the 

KLa and OTR in alkane-aqueous dispersions has been developed. This 

provides a knowledge base for the prediction of optimal KLa in these systems 

and has wide application across all alkane-based bioprocesses. 
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Abstract (Afrikaans) 

Die voldoende verskaffing van suurstof tydens biologiese prosesse is van die 

uiterste belang tydens die optimering van die proses-kinetika.  In biologiese 

prosesse waarin die voerstof alkane is, is suurstof voorsiening veral van 

belang, aangesien die molekulêre struktuur van hierdie koolwaterstowwe 

geen suurstof bevat nie.  As gevolg hiervan moet alle suurstofbehoeftes van 

die proses bevredig word deur suurstof-oordrag na die kultuur, wat ‘n 

proporsiënele verhoging in suurstof-oordrag vereis.  Dit is dus van die uiterste 

belang om die tempo van suurstof-oordrag te maksimeer om die biologiese 

omsetting van alkane te kan optimeer, beide tydens prosesbedryf en tydens 

die opskalering van prosesse.  Die suurstof-oordrag tempo (SOT) en hierdie 

veranderlike se afhanklikheid van die algehele volumetriese massa-

oordragskoëffisiënt (KLa) word egter steeds nie goed begryp in water-alkaan 

dispersiesisteme nie.  

In die lig van die belang van ‘n voldoende SOT in die optimering van bio-

omsetting van alkane het hierdie ondersoek gefokus daarop om die faktore 

wat die gedrag van KLa in water-alkaan dispersiesisteme te identifiseer en te 

beskryf.  Die gedrag van KLa is gekwantifiseer aan die hand van die effekte 

wat die vloeistofeienskappe van alkane en sisteem turbulensie het op die 

gemiddelde Sauter deursnit (D32), gas-vasvanging, gas-vloeistof intervlak 

rigiditeit en gas-vloeistof kontakarea per volume-eenheid.  Hierdie 

verskillende eienskappe is in verband gebring met KLa oor ‘n wye reeks 

vermengingstempo’s en alkaankonsentrasies in water-alkaan 

dispersiesisteme. 

Eksperimente is uitgevoer in ‘n 5 liter belugte en gemengde bioreaktor teen 

vermengingstempo’s van 600, 800, 1000 en 1200 rpm en teen alkaan-(n-C10-

C13 samestelling) konsentrasies van 0, 2.5, 5, 10 en 20%.  KLa is bepaal deur 

die totale sisteem druk te verander, of deur alle suurstof uit die sisteem te 

bloei en sodoende ‘n oombliklike verandering in suurstofkonsentrasie te 

veroorsaak.  Die akkuraatheid en betroubaarheid van hierdie metodes is 

vergelyk oor die hele reeks vermengingstempo’s en alkaankonsentrasies.  

Daar is aangetoon dat die druk veranderings-metode veel beter resultate 
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lewer wanneer die tyd-reaksie van die suurstofmeter in ag geneem word en 

hierdie metode is dus gebruik in die korrelasies.  Die intervlak areas vir die 

onderskeie KLa waardes is bereken vanaf die gesamentlike effekte van D32 en 

gas-vasvanging.  D32 is bepaal deur die deursneë te meet van die lugborrels 

in die dispersiesisteem met behulp van ‘n fotografiese tegniek en foto-analise.  

Foto-analise is gedoen deur gebruik te maak van ‘n program wat in Matlab®  

ontwikkel is, wat beeld-verkrygings- en –verwerkingstegnieke gebruik het.  

Die program het inligting in verband met die lugborrels verkry deur van bg. 

tegnieke gebruik te maak.  Die gas-vasvanging is bepaal deur die 

dispersiehoogte tegniek te gebruik.   

Daar is aangetoon dat die gedrag van KLa afhanklik is van beide die 

vermengingstempo en die alkaankonsentrasie.  Deur vermening te verhoog 

vanaf 600 rpm na 1200 rpm is KLa ook verhoog, vir al die 

alkaankonsentrasies.  Die invloed wat vermengingstempo het op die intervlak-

area is ondersoek oor dieselfde reeks vermengingstempo’s en die verband 

tussen KLa en die intervlak-area is evalueer.  Deur die vermengingstempo te 

verhoog is die intervlak-area vergroot, wat die gepaardgaande verhoging in 

KLa veroorsaak het.  Hierdie verhoging in intervlak-area was direk verwant 

aan ‘n verlaging in D32 a.g.v. skuifkragte en indirek verwant aan verhoging in 

gas-vasvanging a.g.v. die laer spoed waarteen die kleiner borrels deur die 

dispersie kon styg.  

Behalwe vir vermenginstempo het die teenwoordigheid van ‘n alkaan ‘n 

beduidende invloed gehad op die gedrag van KLa, maar effekte het gewissel 

afhangende van die alkaankonsentrasie.  Alkaankonsentrasies tussen 2.5 en 

5 % (v/v) het D32 verlaag teen konstante vermengingstempo’s van 800, 1000 

en 1200 rpm, wat waarskynlik die gevolg was van verlaagde 

oppervlakspanning en vertraagde samesmelting teweeg gebring deur die 

alkaan.  Die laer D32 en gevolglike verhoogde gas-vasvanging het KLa 

verhoog d.m.v. vergroting van die intervlak-area.  Soos alkaankonsentrasies 

verhoog is bo 5% (v/v) het die gas-vasvanging egter verminder ten spyte van 

‘n verdere verlaging in D32, wat tot gevolg gehad het dat beide intervlak-area 

en KLa verlaag het.  Dit impliseer dat by hoër alkaankonsentrasies, die invloed 

van viskositeit die botoon gevoer het wat meervoudige nadelige gevolge 
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gehad het op die intervlak-area en suustof-oordragskoëffisiënt.  Hierdie 

tendense is egter nie waargeneem by die lae vermengingstempo van 600 rpm 

nie.  Teen hierdie vermengingstempo was turbulensie aansienlik minder en 

KLa is onderdruk by alle alkaankonsentrasies. 

Die verskillende effekte wat turbulensie en alkaan-eienskappe het op die 

intervlak-area het tot gevolg dat spesifieke grense bestaan waarbuite die 

gedrag van KLa varieer.  Drie kenmerkende gedragspatrone van KLa is 

identifiseer, afhangende van vermengingstempo en alkaankonsentrasie.  

Regime 1 was beperk tussen 2.5 en 5% (v/v) alkaankonsentrasie teen 

vermengingstempo’s van 800 rpm en hoër.  Hier het die verhoging in KLa 

direk gepaard gegaan met ‘n verhoging in intervlak-area, wat die hooffaktor 

was wat KLa binne hierdie regime gedefineer het.  Regime 2 was beperk vir 

alkaankonsentrasie hoër as 5% (v/v) en vir vermenginstempo’s gelyk aan en 

hoër as 800 rpm.  In hierdie regime is ‘n verlaging in KLa waargeneem vir ‘n 

verhoging van alkaankonsentrasie, wat ‘n oorheersende invloed van 

viskositeit voorstel.  Dit is waarskynlik dat hierdie oorheersing veelvoudige 

negatiewe effekte mag hê deur beide die intervlak-area en KL te beïnvloed.  

Die intervlak-area in hierdie regime het verlaag, hoofsaaklik as ‘n gevolg van 

die nadelige invloed van viskositeit op gas-vasvanging.  Regime 3 het 

voorgekom vir vermengingstempo’s laer as 800 rpm en is gekenmerk deur ‘n 

verlaging in KLa ongeag die alkaankonsentrasie.  Dit is waarskynlik dat lae 

vermengingstempo’s tot gevolg gehad het dat die effek van turbulensie nie 

genoeg was om ‘n positiewe invloed te hê op die intervlak-area nie.  In hierdie 

regime is die intervlak-area verlaag deur hoër waardes vir D32 en laer gas-

vasvanging.  

Die gevolglike variasie in SOT was direk afhanklik van die relatiewe groottes 

van KLa en die suurstof oplosbaarheid en indirek afhanklik van die 

prosestoestande wat hierdie waardes gedefineer het.  Tydens toestande 

wanneer hoë KLa waargeneem is, is die SOT bevoordeel deur die 

gesamentlike verhoging in KLa en suurstof oplosbaarheid.  Tydens toestande 

waar verlaagde KLa waardes waargeneem is, het verhoogde suurstof 

oplosbaarheid egter nie altyd die effek van laer KLa oorheers nie.  Ten spyte 

van die aansienlike verhoging in suurstof oplosbaarheid van suurstof in 
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alkaan-gebaseerde biologiese prosesse, kan daar nog steeds ‘n verlaging in 

SOT voorkom a.g.v. verlaagde KLa, wat net weereens die belang daarvan 

benadruk om hierdie parameter te kwantifiseer in water-alkaan 

dispersiesisteme en om optimale bedryfstoestande vir KLa te vind.   

‘n Fundamentele begrip van KLa en SOT is ontwikkel tydens die identifikasie 

van die parameters wat KLa bepaal in water-alkaan dispersiesisteme en die 

kwantifikasie van die effekte wat prosestoestande op hierdie parameters het.  

Bogenoemde verskaf die kennis om KLa te kan voorspel in hierdie sisteme en 

het wye toepassings in alle alkaan-gebaseerde biologiese prosesse.   
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1. Introduction 

Gas-to-liquid and solid-to-liquid fuels processes are expanding globally. This 

has resulted in an accumulation of associated alkane by-products and a 

global excess of alkane is frequently predicted. This scenario is especially 

likely in the South African economy in which these technologies play a key 

role through SASOL, the world leader in coal-to-liquid fuels conversion. 

Currently, alkanes are marketed at their fuel value, but increasingly they have 

been viewed as an attractive feed stock opportunity for conversion to value 

added commodity products.  

A key component of this conversion is the addition of a functional group in the 

alkane backbone. This is difficult to achieve with traditional synthetic chemical 

catalysts. Consequently, special attention has been focused on the potential 

of alkanes as a feed stock for commercial biotechnology ventures. The 

considerable variety of fine chemicals and versatile chemical intermediates 

which can be produced from hydrocarbons and the large range of bacteria 

and fungi which can efficiently biofunctionalise alkanes under moderate 

temperatures and pressures make the bioconversion route particularly 

attractive (Fukui and Tanaka 1980).  

Initial interest in the bioconversion of alkanes started in the early 1960’s when 

it was proposed that single cell proteins produced from hydrocarbons may be 

used as a food source (Rehm 1986). The products range has since expanded 

considerably to include amino acids, organic acids, carbohydrates, vitamins, 

nucleotides, lipids, enzymes, co-enzymes and antibiotics (Fukui and Tanaka 

1980). More recently, biosurfactants (Kosaric 1996) and dioic acids (Chan and 

Kuo 1997) have been identified as valuable alkane-derived products.  

Notwithstanding the exciting opportunities conferred by the biological 

conversion of alkanes, the nature of the alkane substrate and the immiscibility 

of the aqueous and alkane liquids are well known to introduce engineering 

complexities into the process. These include, among others, flammability and 

volatility of the alkane substrate, inhibition of cell growth by the alkane and 

some products, substrate transfer limitation between the immiscible alkane 

and aqueous phases, and an increased requirement for oxygen supply. 
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The challenge of supplying sufficient oxygen to aerobic alkane-based 

bioprocesses is of particular concern. The deficiency of oxygen in the 

molecular structure of the alkane means that the oxygen demand has to be 

met solely by transfer of oxygen to the culture. This proportionately higher 

requirement for oxygen transfer, relative to carbohydrate processes, remains 

a common feature of alkane metabolism and is likely to influence all alkane 

bioprocesses, irrespective of the alkane, chain or the product formed.  

The importance of an adequate oxygen transfer rate (OTR) for the 

enhancement of the organisms’ performance and its potential for 

biofunctionalisation cannot be underestimated. The supply of sufficient 

oxygen in these systems is crucial in ensuring that the yields and 

productivities attainable are not compromised. Further, as the scale of 

operation increases, the supply of sufficient oxygen becomes more 

challenging and the role of the OTR becomes proportionately more important. 

Consequently, the OTR is frequently cited as the criterion in the design, scale-

up and operation of aerobic bioprocesses and becomes a critical parameter in 

all alkane-based processes, irrespective of the type of biofunctionalisation 

envisaged. 

While the quantification of the OTR is well documented in carbohydrate-based 

aqueous media and several empirical equations which predict the 

corresponding overall volumetric oxygen transfer coefficient (KLa) are 

available, the prediction of the OTR in alkane-based media is considerably 

more complex and less well understood. In view of the key role of KLa in 

bioprocess optimisation, the behaviour of the OTR in alkane-based 

processes, and the factors which underpin its behaviour, need to be 

understood and quantified so that the coefficient can be predicted in these 

systems. 

The OTR and the corresponding KLa have been extensively examined in 

hydrocarbon-based systems. Numerous studies have reported that KLa varies 

with the alkane concentration, although paradoxically, not always in the same 

manner. This highlights the importance of a fundamental understanding of the 

behaviour of KLa and the quantification of the parameters which underpin its 

behaviour in alkane-based processes. Fluid properties, as well as turbulence, 
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are suggested to be of critical importance in defining KLa in these systems, 

through their influence on bubble and droplet size and size distribution, bubble 

rigidity and gas holdup. It is envisaged that through the quantification of the 

parameters which influence the behaviour of KLa in response to changes in 

turbulence and fluid properties, current knowledge of existing models may be 

successfully extended in order to predict the criteria for optimal oxygen 

transfer in alkane-aqueous dispersions.  

In view of the importance of an adequate OTR in the optimisation of the 

hydrocarbon-based bioprocess, this study focused on quantifying the factors 

which underpin the behaviour of OTR and KLa in alkane-aqueous dispersions. 

Consideration was given to the pressures imposed by turbulence and fluid 

properties (due to the nature of the alkane phase) on the oxygen transfer 

capabilities of a bioprocess. This study defined regimes of KLa behaviour 

which coexist through the influences of the hydrodynamic and 

physicochemical conditions of an alkane-aqueous dispersion. In this way, a 

fundamental understanding of OTR and KLa in an alkane-aqueous dispersion 

that will inform on the prediction of optimal rates leading to the successful 

scale-up of bioprocesses based on an alkane feedstock. 
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2. Literature review 

The importance of an adequate oxygen transfer rate in hydrocarbon-based 

bioprocesses for the enhancement of the organisms’ potential for 

biofunctionalisation has been widely recognised. The oxygen transfer rate, 

and especially the overall volumetric oxygen transfer coefficient, has been 

extensively documented in hydrocarbon-based systems. Nonetheless, the 

response of KLa to changes in fluid dynamics and fluid properties in 

hydrocarbon-aqueous dispersions is still not well understood. 

Further, the prediction of KLa in hydrocarbon-aqueous dispersions is complex. 

This highlights the importance of the development of a fundamental 

understanding of the behaviour of KLa in these systems, and the identification 

and quantification of the parameters which underpin this behaviour so that 

existing predictive models may be successfully extended to provide reliable 

estimates of KLa for hydrocarbon bioprocesses. 

The following literature assessment is organised to give insight into the 

opportunities available for biofunctionalisation of alkanes. Then a basic 

understanding of gas-liquid mass transfer applied to oxygen transfer in 

bioprocesses is given. An overview of current knowledge of oxygen transfer in 

aqueous solutions is provided as a basis for the development of a knowledge 

platform for oxygen transfer in hydrocarbon-aqueous dispersions. This is 

extended to consider the behaviour of the oxygen transfer rate and KLa in 

hydrocarbon-aqueous dispersions, to identify the key factors which underpin 

this behaviour, and to assess their relative impact on oxygen transport in 

these systems. Finally, consideration is given to existing predictive models 

and how these could be modified or extrapolated to provide reliable estimates 

for KLa for the design, operation and scale up of hydrocarbon-based 

bioprocesses. 

 
2.1. Feasibility of alkane-based bioprocesses 

2.1.1. Alkanes as an attractive feedstock opportunity for bioconversion 

An accumulation of associated alkane by-products has resulted due to the 

expansion of gas-to-liquid and solid-to-liquid fuels processes. Currently, 
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alkanes are marketed at their fuel value, but are increasingly viewed as an 

attractive feed stock opportunity for conversion to a broad range of commodity 

products. However, the production of value added products from alkanes is 

possible only upon the inclusion of a functional group (e.g. hydroxyl group) 

into the alkane backbone. Introduction of oxygen into an unactivated 

hydrocarbon backbone is difficult to achieve via normal chemical synthesis. 

However, microorganisms which grow on these alkanes can do this very 

efficiently. The bioconversion route is considered particularly attractive in the 

light of the large range of bacteria and fungi which can efficiently 

biofunctionalise alkanes to produce a variety of fine chemicals and fine 

chemical intermediates under moderate temperatures and pressures 

(Shennan and Levi 1974; Fukui and Tanaka 1980; Singer and Finnerty 1984). 

A large range of metabolic products from alkanes have been identified (Table 

2.1). A comprehensive review by Fukui and Tanaka (1980) list a summary of 

products including amino acids, organic acids, carbohydrates, lipids, nucleic 

acids, vitamins, enzymes and antibodies. Other chemicals successfully 

produced biologically include polyhydroxyalkanoates (Preusting et al. 1993b; 

Kessler and Witholt 1999; Jung et al. 2001), biosurfactants (Bühler and 

Schindler 1984; Kosaric 1996; Desai and Banat 1997; Mukherjee et al. 2006) 

and dioic acids (Chan et al. 1997; Chan and Kuo 1997). Developments in 

genetically modified organisms which carry out these bioconversions 

(Mauersberger et al. 1996; Juretzek et al. 2000) further promote the biological 

route as an option with extensive commercial potential.  

In addition to its wide ranging suitability as a substrate for bioproducts in 

general, the alkane moiety confers specific process advantages. Alkanes 

promote the accumulation of hydrophobic products (e.g. biosurfactants), 

products which require an enhanced pool of acetyl-CoA as precursor (e.g. co-

enzyme Q) and products which are converted directly from the alkane 

molecular structure and cannot be produced from a carbohydrate substrate 

alone (e.g.  dioic acids, polyhydroxyalkanoates) (Fukui and Tanaka 1980). 

Moreover, the immiscible nature of the alkane substrate provides prospects 

for in-situ extraction of products that are preferentially soluble in the organic 

phase. This is particularly advantageous for processes in which the microbial 
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growth is inhibited by the product formed. For instance, in-situ extraction was 

used to decrease the alcohol concentration around the cell in the aqueous 

phase (Mathys et al. 1998a; Mathys et al. 1998b; Mathys et al. 1999). 

Table 2.1: Potential metabolic products from alkanes 

Functional group Product 

Amino acids L-glutamate, L-lysine, L-threonine, L-isoleucine, L-valine, L-
serine, L-homoserine, L-ornithine, L-citrulline, L-tyrosine, L-
phenylalanine, L-alanine, L-trytophan, L-leucine, L-proline 

Organic acids Ketoglutarate, citrate, isocitrate, 2-methylisocitrate*, fumarate, 
malate; succinate; anglyceric acid; dicarboxylic acids* (C4-C18) 

Carbohydrates/Lipids Rhamnolipids*, terhalose*, glucose, heteropolysaccharides, 
mannitol, erythritol, arabitol 

Nucleic acids Etc. Inosine, hypoxanthine, orotate, orotidine, nucleosides, guanilic 
acid, inosinic acid, adenylic acid, cyclic-AMP, DNA, RNA 

Vitamins, coenzymes Riboflavin, flavin (vitamin B2)*, B6, B12, biotin*; coenzyme A*, 
cytochrome c*, porphyrin, pteridine, ergosterol*, cartenoids, 
xanthophylls*, coenzyme Q* 

Antibiotics Phenazine derivatives, cepharosporins; cryomycin, corynecins 

Enzymes Protease, lipase, catalase*, aa oxidase, uricase*, glycero-P 
dehydrogenase* 

Linear alcohols Octanol, hexadecanol, longer chain alcohols 

Monocarboxylic acids Octanoate 

Wax esters Cetyl palmitate; Didecyldecane-1,10-diote 

Polyhydroxyalkanoates PHB; PHB/HV; PHAs (C3-C14) 

Biosurfactants Glycolipids, fatty acids, neutral lipids, phospholipids, 
lipopeptides and lipoproteins 

Dioic acids Adipic acid, maleic acid, sebacic acid, azelaic acid, 
dodecanedioic acid 

*Specifically produced by, or enhanced through, the use of alkanes as the carbon source 

 

These considerations, together with the numerous microorganisms well 

capable of converting alkanes to valuable products, ranks biofunctionalisation 

of alkanes as a leading route to alkane conversion, and further, emphasises 
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the need to address engineering complexities associated with process 

operation, so that its potential can be optimised. 

 
2.1.2. Adequacy of oxygen supply to alkane-based bioprocesses 

The development of alkanes as an attractive feedstock opportunity has raised 

the question of an adequate supply of oxygen in these media. Sufficient 

oxygen to satisfy the organisms’ demand is crucial in any aerobic bioprocess 

if successful process operation is to be realised. Further, the role of the 

oxygen transfer rate in ensuring optimal yields and productivities becomes 

proportionately more important as the scale of operation increases and a 

change in the limiting regime from kinetic to transport control is likely (Shuler 

and Kargi 2002). Accordingly, the oxygen transfer rate has traditionally been 

cited as the key criterion in the design and scale up of aerobic bioprocesses 

(Bandyopadhyay et al. 1967). 

In alkane-based bioprocesses, the difficulty in supplying adequate oxygen is 

exacerbated by the deficiency of oxygen in the molecular structure of the 

substrate. This means that the oxygen requirement has to be met solely by 

transfer to the culture, contrary to carbohydrate-based bioprocesses where 

the substrate supplies approximately 66% of the oxygen demand (Shennan 

and Levi 1974; Moo-Young 1975).  The proportionately higher requirement for 

oxygen transfer, relative to carbohydrate processes, remains a common 

feature of alkane metabolism and is likely to influence all alkane 

bioprocesses, irrespective of the chain length of the alkane. This has been 

known since early studies showed that the oxygen requirement for equivalent 

yeast growth on hydrocarbon was almost triple that on carbohydrate 

(Darlington 1964; Humphrey 1967; Moo-Young 1975).  A 2.5-fold higher 

oxygen requirement per unit of biomass of Candida petrophilum for growth on 

n-hexadecane relative to growth on glucose provides further support (Mimura 

et al. 1971).  Similarly, a 2.5-fold higher oxygen requirement was evident for 

Pseudomonas oleovorans growing on octane compared with Escherichia coli 

growing on glucose at the same specific growth rate (Preusting et al. 1993a). 
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2.2. Theory of gas-liquid oxygen transfer applied to oxygen 
transfer in bioprocesses 

The requirement for oxygen in bioprocesses makes effective gas-liquid 

oxygen transfer of paramount importance. Transfer of oxygen from gas to 

cells must overcome several transport resistances. Eight oxygen transfer 

steps from the interior of gas bubbles to the site of intracellular reaction have 

been identified (Figure 2.1) (Bailey and Ollis 1986; Doran 1997; Nielsen et al. 

2002). They are: i) oxygen transfer through the stagnant boundary layer in the 

gas phase at the interface, ii) oxygen transfer across the gas-liquid interface, 

iii) oxygen diffusion through the stagnant boundary layer in the liquid 

surrounding the bubble, iv) oxygen transport through the bulk liquid, v) oxygen 

diffusion through the stagnant boundary layer in the liquid surrounding the 

cell, vi) oxygen transfer across the liquid-cell interface, vii) oxygen diffusion 

through the solid to the individual cells (if cells are  in a floc or clump of solid 

particles) and viii) oxygen transport through the cytoplasm to the site of 

oxygen reaction. 

 
Figure 2.1: Oxygen transfer from gas bubble to cell 

The magnitudes of the transport resistances of the steps presented are 

dependent on the composition and physicochemical properties of the liquid 

and the mixing intensity. The stagnant layer in the gas (i), gas-liquid interface 
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(ii), stagnant liquid layer surrounding the cell (v), liquid-cell interface (vi) and 

cytoplasm (viii) contribute negligible resistance to oxygen transfer. Oxygen 

transfer through the bulk liquid (iv) is generally negligible if sufficient agitation 

is provided, although it can be significant in viscous fermentation broths.  

The major resistances to oxygen transfer then are the stagnant liquid layer 

surrounding the gas bubbles (iii) and oxygen diffusion though a solid floc or 

clump to reach the interior cells (vii). The formation of a floc or clump of cells 

is dependent on the individual microorganisms (Doran 1997; Nielsen et al. 

2002). When cells are dispersed in the liquid with no floc or clump formation, 

and homogeneous mixing is assumed, the major resistance to oxygen 

transfer resides in the stagnant liquid layer surrounding the gas bubbles. 

Thus, in general oxygen transport though this film becomes the rate-limiting 

step and controls the overall oxygen transfer rate. 

Oxygen transport through the liquid layer involves transport over a 

concentration gradient. Oxygen passes from regions of high concentration to 

regions of low concentration. The oxygen in air bubbles forms a high 

concentration region compared to that in the liquid fermentation medium. 

Thus, oxygen transfer from the gas phase to the liquid phase is encouraged. 

The most common and useful gas-liquid oxygen transfer model is the two-film 

theory developed by Lewis (1916) and Whitman (1923). Oxygen transfer 

takes place by convective mass transfer as a result of the movement of the 

bulk fluid and molecular diffusion. The model is based on the idea that two 

stagnant boundary layers form on either side of the interface between two 

phases (as the turbulence in each fluid dies out at the phase boundary) in 

which oxygen transfer takes place by means of molecular diffusion only. It is 

assumed that all the resistance to oxygen transfer from gas to liquid manifests 

in these stagnant films only and that the oxygen concentration profiles are 

independent of time, thus the system exists at steady-state (Figure 2.2). 

Although the model is based on the rate of molecular diffusion through 

stagnant layers, it is well recognised that increased turbulence can affect 

oxygen transfer positively by reducing the width of the boundary layer.  
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Figure 2.2: Concentration gradients for two-film theory 

Fick’s laws of diffusion forms the basis for current theoretical approaches to 

oxygen transfer by molecular diffusion. Molecular diffusion is defined as the 

movement of molecules in a mixture under the influence of a concentration 

gradient (Doran 1997). Fick’s law states that oxygen flux by diffusion (Ji) is 

proportional to its concentration gradient, according to equation 2.1. 

i
i ij

ij

rJ D iC
A z

d
d

= = − ⋅  (2.1) 

where:   ir Rate of oxygen transfer=

ij

ij

i

A Area of plane over which mass transfer occurs

D Diffusivity of component i in a mixture of components i and j

C Concentration of component i
z Distance over which a concentration gradient exists

=

=

=

=
 

The oxygen transfer rate due to diffusion across a plane becomes: 

d
d

= − ⋅ ⋅ i
i ij ij

Cr D A
z

 (2.2) 
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Equation 2.2 indicates that the direction of oxygen transfer is always from the 

high concentration to the low concentration. Also, the rate of diffusion can be 

enhanced by increasing the area available for oxygen transfer, the 

concentration gradient and the magnitude of the diffusion coefficient. 

Each boundary layer forms a resistance to oxygen transfer, but oxygen 

concentrations in the two phases at the interface are in equilibrium. The 

assumption of oxygen concentration equilibrium is satisfied unless oxygen 

transfer rates are very high or surfactants accumulate at the interface (Doran 

1997).  

From Fick’s first law, assuming a constant oxygen gradient though the film, 

the oxygen transfer through the liquid film may be approximated by equation 

2.3, where ke is the local oxygen transfer coefficient (Nielsen et al. 2002; 

Dumont and Delmas 2003): 

ij
e

f

D
k

δ
=  (2.3) 

Equation 2.3 can be extended to give equation 2.4: 

i
e i ij

Ck C D
z

Δ
Δ = −

Δ
 (2.4) 

To formulate an expression for oxygen transfer through the gas-phase film, 

equations 2.2 and 2.4 are combined. The rate of oxygen transfer though the 

gas boundary layer is: 

(i G ij G G,ir k A C C= − )  (2.5) 

where: Gk Gas phase oxygen transfer proportionality coefficient=  

    G

G,i

C Concentration of oxygen in the gas phase
C Concentration of oxygen in the interfacial gas phase

=

=

Similarly, the rate of oxygen transfer of oxygen through the liquid-phase film: 

(i L ij L,i Lr k A C C= − )  (2.6) 

where: Lk Liquid phase oxygen transfer proportionality coefficient=  

   L

L,i

C Concentration of oxygen in the liquid phase
C Concentration of oxygen in the interfacial liquid phase

=

=
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The oxygen transfer proportionality constant is considered inversely 

proportional to the characteristic length over which oxygen transfer occurs 

(Doran 1997). According to the two film theory model therefore, the rate of 

oxygen transfer increases with a decrease in the thickness of the stagnant 

boundary layer. The model assumes that the phases are in equilibrium at the 

interface, thus  and  can be related by equations G,iC L,i C 2.7 and 2.8. 

=G,i o L,iC m C  (2.7) 

where: om Oxygen distribution coefficient=  

or, alternatively: 

= G,i
L,i

o

C
C

m
 (2.8) 

Substituting equation 2.7 into 2.5 and rearranging: 

i
G o

G ij

r C m C
k A

= − L,i  (2.9) 

Similarly, substituting equation 2.8 into 2.6 and rearranging: 

G,ii
L

L ij o

Cr C
k A m

= −  (2.10) 

If we now multiply equation 2.6 by  om :

o i
o L,i o L

L ij

m r m C m C
k A

= −  (2.11) 

and divide equation 2.5 by  o m :

G,iGi

o G ij o o

CCr
m k A m m

= −  (2.12) 

The interfacial concentration terms are eliminated by combining equation 2.9 

with 2.11 and equation 2.10 with 2.12: 

o
i

G ij L ij

m1r C
k A k A

⎛ ⎞
+ = −⎜ ⎟⎜ ⎟

⎝ ⎠
G o Lm C  (2.13) 
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G
i

o G ij L ij o

C1 1r
m k A k A m

⎛ ⎞
+ = −⎜ ⎟⎜ ⎟

⎝ ⎠
LC  (2.14) 

Where the overall resistance to oxygen transfer is defined as 

o

G ij G ij L ij

m1 1
K A k A k A

= +  (2.15) 

and 

L ij o G ij L ij

1 1
K A m k A k A

= +
1

L

 (2.16) 

If the resistance resides predominantly in the gas phase,  and 

therefore, 

Gk k<<

G ij G ij

1 1
K A k A≈ , equation 2.17 is used to predict the transfer rate. 

However, if the resistance resides predominantly in the liquid phase then 

 and therefore, Gk >> Lk
L ij L ij

1 1
K A k A≈  and the oxygen transfer rate is 

predicted by equation 2.18. 

(i G ij G o Lr K A C m C= − )  (2.17) 

G
i L ij L

o

Cr K A C
m

⎛ ⎞
= −⎜

⎝
⎟
⎠  (2.18) 

Since  is equal to L,satC GC mo

)−

)

 at equilibrium, equation 2.18 reduces to 

equation 2.19: 

(i L ij L,sat Lr K A C C=  (2.19) 

Similarly, as  is equal to  at equilibrium, equation G,satC o Lm C o Lm C 2.17 

reduces to equation 2.20: 

(i G ij G G,satr K A C C= −  (2.20) 

As oxygen is sparingly soluble in an aqueous system, it is assumed that most 

of the resistance to oxygen transfer occurs in the stagnant liquid layer 

surrounding the gas bubbles and therefore, that the oxygen transfer rate is 

defined by equation 2.19 (Atkinson and Mavituna 1991; Doran 1997). Here 
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the OTR is quantified in terms of the oxygen concentration driving force,  

and the overall volumetric oxygen transfer coefficient, K

L,satC ,

La. 

(L
L L,sat L

COTR K a C Cd
dt

= = − )  (2.21) 

 
2.3. Oxygen transfer rate and overall volumetric oxygen 

transfer coefficient in aqueous solutions 

The most frequently documented relationship defining the oxygen transfer 

rate in aqueous systems is based on the two-film model (Section ). Here 

the oxygen transfer rate is quantified in terms of the driving force available for 

transfer and the overall volumetric oxygen transfer coefficient, according to 

equation . 

2.2

2.21

For a particular oxygen gradient, K a thus determines the capability of the 

bioreactor to transfer oxygen and is frequently highlighted as the key criterion 

in design, operation and scale up of aerobic bioprocesses (Wong and Shiuan 

1986). 

L

K a is a composite parameter comprising the L liquid phase oxygen transfer 

coefficient, KL, and the gas-liquid interfacial area per unit volume. Due to the 

difficulties in the determination of KL and the interfacial area individually, their 

product is normally used to specify the gas-liquid oxygen transfer capabilities. 

A large number of different empirical correlations for KLa prediction have been 

presented in literature for nonviscous aqueous systems (Calderbank 1958; 

Calderbank 1959; Moo-Young and Blanch 1981; Wong and Shiuan 1986). 

Since KLa is strongly dependent on the fluid turbulence through its influence 

on both KL and the gas-liquid interfacial transfer area, these correlations 

invariably relate KLa to the agitation and aeration as defined by the power per 

unit volume, P V, and superficial gas velocity , respectively. Most of these 

correlations can be written in one of two generalised forms, depending on the 

reactor configuration (Moo-Young and Blanch 1981). For baffled stirred tank 

reactors (STRs), K

s, V

La is related directly to the agitation and aeration through 

the superficial gas velocity and power per unit volume according to equation 
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2.22. For bubble columns and airlift reactors, KLa is related solely to the 

superficial gas velocity according to equation 2.23. The empirically derived 

constants alpha, beta and gamma, depend on the system under 

consideration, i.e. the bioreactor design (Wong and Shiuan 1986) and 

physicochemical properties of the aqueous phase (Calderbank 1958; 

Calderbank 1959; Calderbank and Moo-Young 1961). Thus, any given 

correlation is made applicable to the particular system for which it was 

developed. 

( )LK a P V Vβ
s
γα=  (2.22) 

LK a Vs
βα=  (2.23) 

Empirical correlations for KLa prediction in aqueous solutions have found 

applicability as a basis for the development of empirical correlation for KLa 

prediction in hydrocarbon-aqueous dispersions. KLa prediction in 

hydrocarbon-based systems is discussed in Section 2.6.  

In addition to KLa, the oxygen solubility impacts significantly on the oxygen 

transfer rate, through its influence on the transfer driving force, according to 

equation 2.21. The oxygen solubility, or saturation oxygen concentration, 

, is the concentration of dissolved oxygen in the liquid which would be in 

equilibrium with the oxygen partial pressure in the gas phase.  

L,satC

Typically, oxygen solubilities in aqueous-based media are usually less than 

10mg.L-1 (Ju and Ho 1989). The maximum oxygen solubility limits the 

maximum oxygen transfer rate attainable in the system, according to equation 

2.24. 

max L L,satOTR K a C= ⋅  (2.24) 

On the other hand, oxygen solubilities in hydrocarbon-aqueous dispersions 

are significantly higher than in aqueous solutions, due to the increased 

saturation level of oxygen in pure hydrocarbon. The influence of the increased 

oxygen solubility on the oxygen transfer rate is discussed in Section 2.4.1. 
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2.4. Oxygen transfer rate and overall volumetric oxygen 
transfer coefficient in hydrocarbon-aqueous dispersions 

2.4.1. Oxygen solubility 

When considering the alkanes of chain lengths characteristically employed in 

bioprocesses, the oxygen solubility in the pure alkanes is more than 20 times 

that in water (Table 3.3). In hydrocarbon-aqueous dispersions, the effect of 

increased oxygen solubility in hydrocarbons on the oxygen transfer rate may 

be considerable. Assuming applicability of the volumetric relationship for 

oxygen solubility in hydrocarbon-aqueous dispersions proposed by Ju and Ho 

(1989), the increase in oxygen solubility of a 10% n-hexadecane-aqueous 

suspension may be 3- to 4-fold that in an aqueous solution. 

Nevertheless, there is some lack of consensus in the literature with respect to 

the solubility of oxygen in hydrocarbons. For instance, oxygen solubility in n-

C12 alkane is generally reported as 260 mg.L-1 (Makranczy et al. 1976), 324 

mg.L-1 (Hesse et al. 1996) and 305 mg.L-1 (Blanc and Batiste 1970) at similar 

temperatures. Oxygen solubility in the longer chain n-C16 alkane was reported 

as 255 mg.L-1 (Blanc and Batiste 1970), 190 mg.L-1 (Makranczy et al. 1976), 

340 mg.L-1 (Ju and Ho 1989), 322 mg.L-1 (Ho et al. 1990) and 271 mg.L-1 

(Hesse et al. 1996) over a temperature range of 22˚C to 30˚C. However, an 

agreed trend (Figure 2.3) suggests the solubility of oxygen in n-alkanes 

decreases as the molecular weight increases. 

It should be noted, however, that the oxygen solubility in n-dodecane does not 

follow the general trend. While oxygen solubility in this chain length had been 

reported to lie between 260 mg.L-1 and 324 mg.L-1, at temperatures ranging 

from 10˚C to 40˚C (Blanc and Batiste 1970; Makranczy et al. 1976; Wilcock et 

al. 1978; Hesse et al. 1996), more recent studies have reported the solubility 

of a commercially purchased n-dodecane as 54.9 mg.L-1 at 35˚C (Rols et al. 

1990; Jia et al. 1997; Jianlong 2000a; Galaction et al. 2004; Cascaval et al. 

2006; da Silva et al. 2006a; da Silva et al. 2006b). It is not known why the 

latter should differ so widely from the solubility data reported in the earlier 

literature studies. 
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Figure 2.3: Solubility of oxygen in pure alkanes at 1 atm and 22 to 30˚C 

 Ju an Ho (1989),  Ho et al. (1990),  Makranczy et al. (1976), 
 Blanc and Batiste (1970),  Wilcock et al. (1978),  Thomsen 

and Gjaldbaek (1963),  Hesse et al. (1996),  Rols et al. (1990), 

Jia et al. (1997), Galaction et al. (2004) 

In view of their increased oxygen solubility, hydrocarbons have been used as 

oxygen vectors in carbohydrate-based media to elevate the maximum oxygen 

transfer attainable. Rols and Goma (1989) and Ho et al. (1990) were some of 

the first groups to propose the use of hydrocarbon droplets as an enhancer of 

oxygen transfer in carbohydrate-based bioprocesses. Oxygen transfer has 

since been successfully enhanced in Aspergillus niger cultures through 

addition of n-dodecane, n-hexadecane and soybean oil during glucose 

oxidase production (Li and Chen 1994) and through addition of n-dodecane 

during citric acid production (Jianlong 2000b). Oxygen transfer in 

Saccharomyces cerevisiae cultures has similarly benefited from addition of n-

C12-16 alkanes, n-dodecane and perfluorocarbon (Jia et al. 1996; Jia et al. 

1997).  

Although using hydrocarbons to function as oxygen vectors successfully 

enhances oxygen transfer in bioprocesses utilising carbohydrate substrates, 

this does not imply that bioprocesses which utilise hydrocarbon substrates are 
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invariably unlikely to be oxygen limited. Firstly, the hydrocarbon-based 

process is compromised by the deficiency of oxygen in the molecular 

structure which leads to a higher requirement for oxygen transfer, relative to 

that in carbohydrate-based bioprocesses in which oxygen is also contributed 

directly by the substrate. Secondly, the hydrocarbon substrate may depress 

KLa. Regimes of depressed (less than that in water) and enhanced (greater 

than that in water) KLa have been observed in hydrocarbon-aqueous 

dispersions depending on the agitation rate and alkane concentration (Ho and 

Ju 1988). 

In regions of depressed KLa, the resultant variation in oxygen transfer rate will 

depend directly on the relative magnitudes of the KLa and the transfer driving 

force (i.e. the oxygen solubility), and indirectly on the process conditions 

which define these magnitudes. Under conditions of depressed KLa, the 

elevated oxygen solubility does not always compensate for the increased 

requirement for oxygen transfer. Clarke et al. (2006) have reported a plateau 

in the oxygen transfer rate from 10% n-C12-13 alkane, when depressed KLa 

was observed, despite an increase in the oxygen solubility with increasing 

alkane concentration. This study also showed that at lower agitation rates, 

KLa depression was more likely, suggesting that the increased solubility was 

less likely to offset the depression of KLa at the lower agitation.  

On the other hand, in regions of enhanced KLa, the higher KLa coupled with 

the increased oxygen solubility in the hydrocarbon doubly benefits the oxygen 

transfer rate. Ho and Ju (1988) report both an increase in the KLa and the 

oxygen solubility in n-hexadecane relative to water. Under these conditions, 

the increased oxygen transfer rate is likely to compensate for the greater 

requirement for oxygen transfer.  

Consequently, despite the superior oxygen solubility in hydrocarbons, and the 

effective use of hydrocarbons as oxygen vectors in carbohydrate-based 

bioprocess, oxygen transfer may still be suboptimal in hydrocarbon-based 

bioprocess. These considerations underline the critical importance of the 

quantification of KLa behaviour in hydrocarbon-aqueous dispersions, and the 

development of a model to predict optimal transport rates for the successful 

operation and scale up in these systems. 
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2.4.2. Measurement of overall volumetric oxygen transfer coefficient 

Fundamental to the successful use of K a in the assessment of the system for 

oxygen transfer in hydrocarbon-aqueous dispersions, is an appropriate 

defined method of K a determination in these systems. Since t

L

L he prediction of 

KLa is difficult, KLa is generally determined experimentally.  

Four methods have mainly been used for determination of KLa, namely the 

sulphite oxidation method, the oxygen-balance method, gassing out method 

and the pressure step method. Each method is not without its limitations. To 

reliably quantify K a, and to compare K a in different studies, each of these 

methods 
L L

for KLa determination should theoretically yield the same results. In 

view of the importance of a consistent and valid K a determination, the main 

sources of error inherent in the techniques, and the applicability of the 

methods for use in hydrocarbon-aqueous dispersions, have been examined. 

L

Perhaps the oldest method, and a direct indicator of the oxygen transfer rate, 

is the sulphite oxidation method, introduced by Cooper et al. (1944). This 

method has been used in hydrocarbon-aqueous dispersions where the 

hydrocarbons used include cyclohexane (Bruining et al. 1986), 1-octene (van 

Ede et al. 1995), n-decane (Bruining et al. 1986), n-hexadecane (Coty et al. 

1971; Zhao et al. 1999), n-C12-16 (Jia et al. 1996) and soybean oil (Morão et al. 

1999). The sulphite method relates the rate of the oxidation of sulphite to 

sulphate to the rate of oxygen transfer.  

The sulphite method however, has inherent errors. Chemical enhancement of 

oxygen absorption has shown to occur by the rapid sulphite chemical reaction 

(Gogate and Pandit 1999; Gogate et al. 2000). In addition to this, other 

factors, such as the catalyst, ionic strength of the medium and the pH, may all 

influence the reaction by influencing the rate constant (Linek and Vacek 1981; 

Imai et al. 1987).  

The oxygen balance method is used to measure transfer in a steady-state 

fermentative system by means of a mass balance (Yoshida et al. 1970; Ho et 

al. 1990; Cesário et al. 1997a; Cesário et al. 1997b; Doran 1997). This 

technique is based on the equation for gas-liquid oxygen transfer. The oxygen 

concentrations of the gas streams to and from the bioreactor are measured 
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and a fundamental mass balance on oxygen is applied (Bailey and Ollis 

1986). The oxygen balance method has been used in hydrocarbon-aqueous 

dispersions containing n-hexanol (Koide et al. 1985), n-heptanol (Koide et al. 

1985), n-octanol (Koide et al. 1985), n-dodecane (Rols et al. 1990), n-

hexadecane (Ho et al. 1990), perfluorotributylamine (Yamamoto et al. 1994), 

glycerol (Koide et al. 1984), glycol (Koide et al. 1984) and soybean oil (Rols 

and Goma 1991). The oxygen balance method is often passed over in favour 

of the gassing out method, as the latter is far simpler, requiring only a 

submerged oxygen probe. In addition, the oxygen balance method may only 

be applied to fermentative systems. 

The gassing out method was initially developed to measure the KLa in 

aqueous fermentation systems (Bandyopadhyay et al. 1967; Robinson and 

Wilke 1973; Dang et al. 1977), and was later extensively reviewed (Lee and 

Taso 1979). Mimura et al. (1973) and Hassan and Robinson (1977a) were 

some of the first groups to adopt this method for use in hydrocarbon-aqueous 

systems, specifically n-dodecane and n-hexadecane aqueous dispersions. 

This method is arguably the most common method for KLa determination in 

hydrocarbon-aqueous dispersions, where it has been used in hydrocarbon 

systems containing ethanol (Sun et al. 1988; Bi et al. 2001), n-heptane 

(Kundu et al. 2003), n-octane (van der Meer et al. 1992), n-decane (Kundu et 

al. 2003), n-dodecane (Hassan and Robinson 1977a; Wong and Shiuan 1986; 

Kundu et al. 2003; Galaction et al. 2004; Cascaval et al. 2006; Dumont et al. 

2006a; Dumont et al. 2006b), n-hexadecane (Mimura et al. 1973; Hassan and 

Robinson 1977a; Dumont et al. 2006a; Nielsen et al. 2003), n-C12-13 alkanes 

(Clarke et al. 2006), n-C10-13 alkanes  (Correia et al. 2006), PFC-40 (Junker et 

al. 1990; Ju et al. 1991a; van Sonsbeek et al. 1992; Dumont et al. 2006a), 

glycerol (Özbek and Gayik 2001), lard oil (Liu et al. 1994), olive oil (Liu et al. 

1994) and toluene (Cents 2003; Kundu et al. 2003). However, recent 

publications have demonstrated that the gassing out method is fundamentally 

flawed through its assumption of ideal mixing. 

More recently, the pressure step method has been used which addresses this 

nonuniformity in the gas composition experienced with the gassing out 

method (Linek et al. 1989a; Linek et al. 1993). In the pressure step method, 
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an oxygen concentration step change is induced by a change in the pressure 

in the reactor, either by increasing or decreasing the total pressure by about 

20% of the original value (Linek et al. 1989a). As the pressure step method 

deals with issues of ideal mixing, it is thought to be superior to the gassing out 

method. However, to date, the gassing out method has only been applied to 

aqueous systems. 

Preference for KLa measurement has been given to the gassing out method 

as it is the simplest to use, and to the newly developed pressure step method 

as it deals with issues such as imperfect mixing and nitrogen transport, both 

of which may influence the measurement. 

 
2.4.3. Trends in overall volumetric oxygen transfer coefficient 

In aqueous systems, the behaviour of KLa is well understood and 

quantification and prediction of oxygen transfer rate has been established. On 

the other hand, the behaviour of KLa in hydrocarbon containing systems is 

considerably less well understood, notwithstanding the numerous studies 

conducted in hydrocarbon-aqueous dispersions in systems with differing 

reactor and impeller geometries, over a wide range of operating conditions, 

hydrocarbon moieties and concentration ranges (Table 2.2). 

These studies have invariably shown that the hydrocarbon fraction impacts 

markedly on KLa, although paradoxically, not always in the same manner. The 

manner in which the hydrocarbon affects KLa differed widely, and depended 

on, inter alia, the reactor type and the fluid properties of the aqueous and 

hydrocarbon phases. Three distinct trends in KLa behaviour in hydrocarbon-

aqueous dispersions can be defined. Firstly, a KLa trend with an increase on 

hydrocarbon addition to a maximum value, and subsequently, a decrease on 

further addition of hydrocarbon, has been firmly established (type 1 

behaviour) (Table 2.3). Secondly, a KLa increase on hydrocarbon addition but 

with no subsequent decline has also been frequently reported (type 2 

behaviour) (Table 2.4). Thirdly, no increase in KLa has with been observed 

with hydrocarbon addition, with KLa either being maintained constant or 

decreasing (type 3 behaviour) (Table 2.5). 
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Table 2.2: Oxygen transfer studies in hydrocarbon-aqueous dispersions 

Equipment Operating conditions Hydrocarbon 
phase 

Hydrocarbon 
concentration (v/v) 

Reference 

Kerosine 1 – 20% 

Liquid paraffin 1 – 21% 

STR; 1 12-blade turbine; 4 baffles; 
Dt = 15 cm; V = 2.57L 

N = 200 – 650 rpm; T = 30˚C 

Oleic acid 0.01 – 22% 

Yoshida et al. (1970) 

n-Dodecane 0 – 10% STR; 1 6-blade turbine; 4 baffles; Dt 
= 15.24 cm 

N = 800 – 1800 rpm; T = 30˚C 

n-Hexadecane 0 – 10% 

Hassan and Robinson 
(1977a) 

n-Hexanol 0 – 150 ppm 

n-Heptanol 0 – 100 ppm 

Bubble column; Total height = 1.5m Vs = 0.3 – 2.07cm.s-1; T = 25˚C 

n-Octanol 0 – 50 ppm 

Koide et al. (1985) 

n-Dodecane 0.5 – 1% STR; 4 baffles; Dt = 6.1 cm; V = 
0.1L 

N = 440 rpm; T = 26˚C 

Cyclohexane 0.5 – 1% 

Bruining et al. (1986) 

STR; 1 6-blade turbine; 4 baffles N = 200 – 800 rpm; Vs = 0.03 – 1 cm.s-1;  
T = 30˚C 

n-Dodecane 0 – 5% Wong and Shiuan (1986) 

STR; V = 1.25L N = 500 rpm; Q = 0.8 vvm; T = 37˚C PFC-40 0 – 42.5% McMillan and Wang (1987) 

STR; V = 2.5L N = 800 rpm; Q = 4 vvm 

STR; V = 3L N = 600 rpm; Q = 0.5 – 1vvm 

PFC-40 0 – 100% Junker et al. (1990) 

STR; V = 1.25L N = 500 rpm; Q = 0.8 vvm; T = 37˚C 

STR; V = 11.5L N = 800 rpm; Q = 1.0 vvm; T = 37˚C 

PFC-40 0 – 42.5% McMillan and Wang (1990) 

n-Dodecane 0 – 33% STR; V = 12L N = 400 rpm; Q = 0.21 vvm; T = 35˚C 

Forane F66E  

Rols et al. (1990) 
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PFC-40 0 – 25% STR; V = 0.7L & 5L N = 100 & 200 rpm; T = 37˚C 

PFC-77 0 – 25% 

Ju et al. (1991b) 

STR; V = 12L N = 500 rpm; Q = 0.278 vvm; T = 35˚C Soybean oil 0 – 30% Rols and Goma (1991) 

STR N = 400 – 700 rpm n-octane 0 – 11% van der Meer et al. (1992) 

Lard oil 0 – 4% 

Olive oil 0 – 3% 

STR; V = 4.6L N = 200 – 400 rpm 

Castor oil 0 – 1% 

Liu et al. (1994) 

Tower bioreactor; V = 1.5L; Total 
length = 615 mm 

Q = 3.33 – 16.67 vvm n-C12–16 0 – 8% Jia et al. (1996) 

STR; 1 4-blade turbine; V = 1.7L N = 800 rpm; Q = 2x10-5 m3.s-1; T = 25˚C PFC-40 0 – 10% Cesário et al. (1997b) 

STR; 1 4-blade turbine; V = 1.3L N = 800 rpm; Q = 1.7x10-7 m3.s-1; T = 
22˚C 

PFC-40 0 – 20% Cesário et al. (1997a) 

n-Dodecane 0 – 15% Airlift; V = 5L; Total length = 610 
mm 

Q = 0.5 – 2 vvm; T = 34˚C 

PFC-40 0 – 7% 

Jia et al. (1997) 

500mL Erlenmeyer flask  Soybean oil 0 – 40g.L-1 Jia et al. (1999) 

Silicone 0.2 – 1000 ppm STR; 1 Rushton turbine; V = 5L N = 400 – 1000; Q = 4.15 – 10.5 m3.s-1; T 
= 25˚C Soybean oil 6 – 1000 ppm 

Morão et al. (1999) 

n-Hexadecane 50 – 80% STR; 2 6-blade turbines; 4 baffles; 
Dt = 17.6 cm; V = 4L 

N = 400, 600 & 775 rpm; Q = 0.25, 0.5 & 
0.875 vvm; T = 28˚C Vegetable Oil 50 – 80% 

Zhao et al. (1999) 

Airlift; Total length = 550 mm Q = 0.5 – 2 vvm n-Dodecane 0 – 14% Jianlong (2000a) 

2-Ethyl-1-hexanol 0 – 10% 

n-Dodecane 0 – 10% 

n-Decane 0 – 10% 

Bubble column; Dt = 0.076 m; V = 
0.0092m3; Total height = 1.95m 

Vs = 0.0052 – 0.026 m.s-1; T = 20˚C 

n-Heptane 0 – 10% 

Kundu et al. (2003) 
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STR; 2 6-blade Rushton turbines; 4 
baffles; Dt = 11 cm; V = 1L 

N = 200 – 800 rpm; Q = 0.5 – 2 vvm; T = 
30˚C 

n-Hexadecane 0 – 33% Nielsen et al. (2003) 

STR; 2 4-blade turbines; 3 baffles; 
Dt = 17.5 cm; V = 4L 

N = 0 – 700 rpm; Vs = 0 – 0.5 cm.s-1; T = 
24˚C 

n-Dodecane 0 – 20% Galaction et al. (2004) 

STR; 2 6-blade Rushton turbines; 4 
baffles; Dt = 17 cm; V = 3L 

N = 400 – 800 rpm; Q = 1 – 3 L.min-1; T = 
30˚C  

n-Hexadecane 0 – 33% Nielsen et al. (2005) 

STR; 2 4-blade turbines; 3 baffles; 
Dt = 17.5 cm; V = 4L   

N = 0 – 700 rpm Vs = 0 – 0.5 cm.s-1; T = 
24˚C 

n-Dodecane 0 – 20% Cascaval et al. (2006) 

STR; Rushton turbines; 4 baffles; 
Dt = 18 cm; V = 4.25L 

N = 200 – 1200 rpm; Q = 0.5 – 1.5 vvm; T 
= 30˚C 

n-C11-12 0 – 20% Clarke et al. (2006) 

STR; 2 Rushton turbines; 4 baffles; 
Dt = 18 cm; V = 5L 

N = 600 – 1200 rpm; Q = 0.8 vvm; T = 
22˚C 

n-C10-13 0 – 20% Correia et al. (2006) 

STR; 1 Rushton turbine; 2 baffles; Dt 
= 48 mm; V = 1.5L 

N = 250 – 500 rpm; Q = 0.5 & 1 vvm; T = 
27˚C 

n-Dodecane 0 – 10% da Silva et al. (2006a) 

Reactor; Dt = 0.21 m; V = 11.5L Vs = 0.01 m.s-1; T = 20˚C Silicone oil 47V5 0 – 10% Dumont et al. (2006b) 

n-Dodecane 0 – 10% 

n-Hexadecane 0 – 10% 

PFC-40 0 – 4% 

Silicone oil 47V5 0 – 10% 

Reactor; Dt = 0.21 m; V = 11.5L Vs = 0.01 m.s-1; T = 20˚C 

Silicone oil 47V10 0 – 10% 

Dumont et al. (2006a) 
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Those studies which exhibit type 1 behaviour, report a characteristic KLa peak 

associated with a specific system-dependent hydrocarbon concentration 

(Table 2.3). In STRs, where the aqueous phase comprised either pure water 

or a salt solution, peak KLa was observed at 5% n-C12-13 alkane (Clarke et al. 

2006), 10% n-C10-13 alkane (Correia et al. 2006), 10% n-hexadecane (Nielsen 

et al. 2005), 1% silicone oil  and 2% soybean oil (Morão et al. 1999). 

Similar trends were observed in this reactor type when the aqueous phase 

contained cells. KLa peaks were reported in Saccharomyces cerevisiae 

cultures at 1% or 2% lard oil, depending on the agitation rate, and 1% olive oil 

(Liu et al. 1994).  In Escherichia coli cultures, peak KLa occurred at 30% PFC-

40 (McMillian and Wang 1987). Aerobacter aerogenes cultures exhibited peak 

KLa at 23% n-dodecane (Rols et al. 1990) and 15% soybean oil (Rols and 

Goma 1991). 

Type 1 behaviour was also observed in airlift and bubble column reactors in 

both cell-culture and cell-free systems. KLa peaks were reported in 

Saccharomyces cerevisiae cultures at 3% n-dodecane (Jia et al. 1997), 2% 

PFC-40 (Jia et al. 1997) and 4% n-C12-16 (Jia et al. 1996), and in Aspergillus 

niger cultures, at 5% n-dodecane (Jianlong 2000a). In cell-free bubble 

columns KLa peaks were reported at 0.5% hexanol (Koide et al. 1985) and 6% 

silicone oil (Dumont et al. 2006a). A KLa peak was even reported in soybean 

oil-aqueous dispersion at 2% in a shake flask culture (Jia et al. 1999). 

Although a hydrocarbon concentration associated with peak KLa can be 

identified, this concentration varies considerably between studies. For 

instance, in STRs, the hydrocarbon concentration associated with the KLa 

peak was lower (1 to 2%) in silicone oil (Morão et al. 1999), soybean oil 

(Morão et al. 1999), lard oil (Liu et al. 1994) and olive oil (Liu et al. 1994) than 

that (5 to 30%) in n-C12-13 (Clarke et al. 2006), n-C10-13 (Correia et al. 2006), n-

hexadecane (Nielsen et al. 2005), PFC-40 (McMillian and Wang 1987) and n-

dodecane (Rols et al. 1990). In the studies where the peak occurred at a 

lower hydrocarbon concentration, the viscosity of the hydrocarbon phase was 

relatively high at 5 to 10 cP for silicone oil (Dumont et al. 2006a; Dumont et al. 

2006b), 41 cP for soybean oil (Rols and Goma 1991), 53 cP for lard oil (Liu et 

al. 1994) and 58 cP for olive oil (Liu et al. 1994). In the studies where the peak  
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Table 2.3: Behaviour of KLa in aerated hydrocarbon-aqueous dispersions: Type 1 behaviour (KLa peak) 

Reactor type Aqueous phase Hydrocarbon phase Hydrocarbon 
concentration (v/v) 

Hydrocarbon 
concentration (v/v) at 
maximum KLa 

Reference 

STR Distilled water n-C12-13 0 – 20% 5% Clarke et al. (2006) 
STR Distilled water n-C10-13 0 – 20% 10% Correia et al. (2006) 
STR Distilled water n-Hexadecane 0 – 33% 10% Nielsen et al. (2005) 
STR 0.2 M Na2SO4 Silicone oil 1 – 10% 1% Morão et al. (1999) 
STR 0.2 M Na2SO4 Soybean oil 1 – 10% 2% Morão et al. (1999) 
STR Saccharomyces 

cerevisiae 
Lard oil 0 – 4% 1 – 2% Liu et al. (1994) 

STR Saccharomyces 
cerevisiae 

Olive oil 0 – 3% 1% Liu et al. (1994) 

STR Escherichia coli K12 
wild type 

PFC-40 0 – 40% 30% McMillan and Wang 
(1987) 

STR Aerobacter aerogenes 
NRRL B199 

n-Dodecane 0 – 33% 23% Rols et al. (1990) 

STR Aerobacter aerogenes 
NRRL B199 

Soybean oil 0 – 30% 15% Rols and Goma (1991) 

Airlift reactor Saccharomyces 
cerevisiae AY-12 

n-Dodecane 0 – 15% 3% Jia et al. (1997) 

Airlift reactor Saccharomyces 
cerevisiae AY-12 

PFC-40 0 – 7% 2% Jia et al. (1997) 

Airlift reactor Aspergillus niger n-Dodecane 0 – 14% 5% Jianlong (2000a) 
Tower reactor  Saccharomyces 

cerevisiae AY-12 
n-C12-16 0 – 8% 4% Jia et al. (1996) 

Bubble column Distilled water Hexanol 0 – 1.5% 0.5% Koide et al. (1985)  
Bubble reactor Distilled water Silicone oil 47V5 0 – 10% 6% Dumont et al. (2006a) 
500mL flask Distilled water Soybean oil 0 – 4% 2% Jia et al. (1999) 
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Table 2.4: Behaviour of KLa in aerated hydrocarbon-aqueous dispersions: Type 2 behaviour (KLa increase) 

Reactor type Aqueous phase Hydrocarbon phase Hydrocarbon 
concentration (v/v) 

Hydrocarbon 
concentration (v/v) at 
maximum KLa 

Reference 

STR Saccharomyces 
cerevisiae 

Castor oil 0 – 1% 1% Liu et al. (1994) 

STR Carboxymethyl 
cellulose/ salt solutions  

n-Dodecane 0 – 20% 20% Cascaval et al. (2006) 

STR Carboxymethyl 
cellulose/ salt solutions  

n-Dodecane 0 – 20% 20% Galaction et al. (2004) 

Bubble column Distilled water n-Decane 0 – 10% 10% Kundu et al. (2003) 

Bubble column Distilled water n-Dodecane 0 – 10% 10% Kundu et al. (2003) 

Bubble column Distilled water n-Heptane 0 – 10% 10% Kundu et al. (2003) 

Bubble reactor Distilled water n-Hexadecane 0 – 10% 10% Dumont et al. (2006a) 

Bubble reactor Distilled water PFC-40 0 – 4% 4% Dumont et al. (2006a) 

Bubble reactor Distilled water Silicone oil  0 – 10% 10% Dumont et al. (2006a) 

STR Carboxymethyl 
cellulose/ salt solutions  

n-Dodecane 0 – 20% 10%* Cascaval et al. (2006) 

STR Carboxymethyl 
cellulose/ salt solutions  

n-Dodecane 0 – 20% 10%* Galaction et al. (2004) 

STR Tap water n-Dodecane 0 – 10% 1%* da Silva et al. (2006a) 

STR Distilled water/ salt 
solutions  

n-Dodecane 0 – 10 % 6%* Hassan and Robinson 
(1977a) 

STR Distilled water/ salt 
solutions  

n-Hexadecane 0 – 10 % 6%* Hassan and Robinson 
(1977a) 
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STR Distilled water n-Dodecane 0 – 5% 5%* Wong and Shiuan 
(1986)  

STR Distilled water Oleic Acid 0.01 – 22% 8%* Yoshida et al. (1970) 

Bubble column Distilled water 2-Ethyl-1-hexanol 0 – 10% 10%* Kundu et al. (2003) 

Bubble reactor Distilled water n-Dodecane 0 – 10% 6%* Dumont et al. (2006a) 

* plateau reached 
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Table 2.5: Behaviour of KLa in aerated hydrocarbon-aqueous dispersions: Type 3 behaviour (KLa decrease or KLa constant) 

Reactor type Aqueous phase Hydrocarbon phase Hydrocarbon 
concentration (v/v) 

KLa constant or  
decreased 

Reference 

STR Distilled water PFC-40 0 – 10% decreased Cesário et al. (1997a) 

STR Distilled water n-C12-13 0 – 20% decreased Clarke et al. (2006) 

STR Distilled water n-C10-13 0 – 20% decreased Correia et al. (2006) 

STR Saccharomyces 
cerevisiae 

Olive oil 0 – 3% constant Liu et al. (1994) 

STR Saccharomyces 
cerevisiae 

Castor oil 0 – 1% constant Liu et al. (1994) 

STR Distilled water n-Hexadecane 0 – 33% decreased Nielsen et al. (2003) 

STR Distilled water n-Hexadecane 0 – 33% decreased Nielsen et al. (2005) 

STR Distilled water Paraffin 1 – 21% decreased Yoshida et al. (1970) 

Bubble column Distilled water Heptanol 0 – 1% decreased Koide et al. (1985) 

Bubble column Distilled water Octanol 0 – 0.5% decreased Koide et al. (1985) 
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al. 1994) and 58 cP for olive oil (Liu et al. 1994). In the studies where the peak 

occurred at a comparatively higher hydrocarbon concentration, the viscosity of 

the hydrocarbon phase was about a order of magnitude lower, viz. 3 cP for n-

hexadecane (McMillian and Wang 1990; Dumont et al. 2006a; Dumont et al. 

2006b), 3 to 4 cP for PFC-40 (McMillian and Wang 1987; Dumont et al. 

2006a) and 1.3 to 1.5 cP for n-dodecane (McMillian and Wang 1990; Kundu 

et al. 2003; Dumont et al. 2006a), with the viscosities of  n-C12-13 and n-C10-13 

likely to be in a similar range. This suggests that the hydrocarbon 

concentration at which the KLa will peak depends on the dispersion viscosity 

such that an increased dispersion viscosity will tend to decrease the KLa, 

resulting in a decline in the KLa at a lower concentration of hydrocarbon. 

It is unlikely, however, that a variation in fluid properties brought about by 

hydrocarbon addition is the sole contributing factor accounting for the 

discrepancy in hydrocarbon concentrations at peak KLa. Clearly, system 

geometry also plays a major role. In STRs, KLa was observed to peak at both 

2% soybean oil  and 15% soybean oil (Rols and Goma 1991), notwithstanding 

the same viscosity of 41 cP. Further, KLa peaked at significantly lower 

hydrocarbon concentrations in column reactors than in STRs with the same 

hydrocarbon type. For example, when comparing cell cultures in different 

reactor configurations, KLa peaked at 3 to 5% n-dodecane (Jia et al. 1997; 

Jianlong 2000a) and 2% PFC-40 (Jia et al. 1997) in column reactors, 

compared with 23% n-dodecane (Rols et al. 1990) and 30% PFC-40 

(McMillian and Wang 1987) in STRs. 

Type 2 behaviour was also demonstrated in numerous studies (Table 2.4). 

Here one of two trends was evident. Either KLa continued to increase up to 

the last hydrocarbon concentration examined, or increased to a maximum 

value at which a plateau was reached. In both of these trends, no KLa peak 

was observed. The absence of a peak KLa may be explained in part by the 

lack of KLa data at hydrocarbon concentrations where the peak value could 

conceivably occur.  

In the first case, where KLa continued to increase to that at the maximum 

hydrocarbon concentration examined, it is possible that the KLa peak may yet 

have occurred at a higher hydrocarbon concentration where data had not 
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been acquired. These studies include STR configurations where the 

maximum KLa was observed at 1% castor oil (Liu et al. 1994) as well as 

bubble column configurations where the maximum KLa was observed at 10% 

n-decane, 10% n-heptane and 10% n-dodecane (Kundu et al. 2003) and 10% 

n-hexadecane, 4% PFC-40 and 10% silicone oil (Dumont et al. 2006a).  

In the second case, where a plateau has been defined, a KLa peak may not 

have been detected if there were large intervals between data points. For 

example, da Silva et al. (2006a) report a maximum KLa at 1% n-dodecane, 

and essentially the same value at 10% n-dodecane. However, the lack of data 

between 1% and 10% n-dodecane means it cannot be said with certainty that 

a peak KLa would not have been obtained at an intermediate hydrocarbon 

concentration.  

Nevertheless, the lack of data at critical hydrocarbon concentrations does not 

necessarily account for the absence of the characteristic KLa peak in all 

cases. In several studies, a KLa plateau was rigorously demonstrated, with no 

evidence of a subsequent KLa decrease. Moreover, even in studies where a 

plateau was not detected, the absence of a peak cannot invariably be 

attributed simply to insufficient data, as evidenced by the KLa maximum in a 

dispersion of n-dodecane and carboxymethyl cellulose (CMC) / salt solution 

(Galaction et al. 2004; Cascaval et al. 2006). Here, maximal KLa was 

observed at 20% n-dodecane, the highest concentration examined, when the 

dispersion viscosity was 100 to 330 cP. However, at a reduced viscosity of 10 

to 40 cP, a KLa plateau was reached at 10% n-dodecane. 

In addition, KLa plateaux where also recognised in water at 6% n-dodecane 

(Hassan and Robinson 1977a), 6% n-hexadecane (Hassan and Robinson 

1977a), 5% n-dodecane (Wong and Shiuan 1986) and 8% oleic acid (Yoshida 

et al. 1970) in STRs. In bubble columns, KLa plateaux were similarly 

documented at 10% 2-ethyl-1-hexanol (Kundu et al. 2003) and at 6% n-

dodecane (Dumont et al. 2006a). As with the studies in which KLa peak was 

reported, these studies show a dependence of the hydrocarbon concentration 

at which maximal KLa was attained, on the type of hydrocarbon and reactor 

configuration used. A maximal KLa at 6% n-dodecane both in a STR (Hassan 

and Robinson 1977a) and a bubble column (Dumont et al. 2006a), however, 
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suggests a less marked influence of the reactor configuration and operation in 

these studies. 

In yet other studies, type 3 behaviour occurred, where no increase in KLa was 

observed, and a decrease often reported (Table 2.5). In STRs this trend may 

be partly ascribed to a low agitation rate.  Clarke et al. (2006) and Correia et 

al. (2006) report a decrease in KLa in n-C12-13 alkane and n-C10-13 alkane 

respectively at 600 rpm, although KLa peaks at 5 to 10% were defined at 

agitation rates between 800 and 1200 rpm, over the same hydrocarbon 

concentration range. Similarly, Liu et al. (1994) document an essentially 

constant KLa at 200 rpm, while KLa increased to 1% olive oil and castor oil at 

400 rpm. 

Nielsen et al. (2005), on the contrary, showed a decrease in KLa with 

increasing n-hexadecane to 33% at agitation rates of 600 and 800 rpm, and a 

KLa peak at 10% n-hexadecane at the comparatively lower agitation of 400 

rpm. Earlier studies by this group (Nielsen et al. 2003) reported a decreased 

KLa at 400 rpm as well as at 600 and 800 rpm. This suggests that, in addition 

to lower agitation rates, KLa will be negatively influenced by other parameters. 

Certainly, KLa behaviour has been influenced by hydrocarbon type.  KLa was 

observed to decrease with paraffin addition at an agitation rate of 500 rpm, 

but increase with oleic acid addition at the relatively lower agitation rate of 350 

rpm (Yoshida et al. 1970). Further support for the influence of hydrocarbon 

type is provided by the increased KLa with n-hexanol addition, while n-

heptanol and n-octanol addition both resulted in a decreased KLa under the 

same conditions (Koide et al. 1985). 

Notwithstanding the importance of defining the trend of KLa behaviour with 

hydrocarbon addition, consideration should also be given to the absolute 

value of KLa in these systems, relative to that in the absence of hydrocarbon 

i.e. whether hydrocarbon addition results in KLa depression or enhancement 

relative to that in water. Generally, where KLa decreases with hydrocarbon 

addition, depression is observed and correspondingly, where KLa increases 

with hydrocarbon addition, enhancement occurs.  
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The latter, however, does not always hold, and depression may occur even 

when KLa increases with hydrocarbon addition.  It has been found, in both 

stirred tank and bubble reactors, that the addition of hydrocarbon at low 

concentrations (less than 2.5%) sometimes yields an initial decrease in KLa to 

below the level attained in the absence of hydrocarbon (KLa*) (Figure 2.4 and 

Figure 2.5). A subsequent increase in KLa on further hydrocarbon addition 

may compensate for the initial decrease, leading to an enhanced KLa at 

higher hydrocarbon concentrations (Figure 2.4). However, this increase is not 

invariably sufficient to offset the initial decrease, when a depressed KLa 

results (Figure 2.5). Depression appears to be influenced by both the agitation 

and the hydrocarbon moiety; depression occurred with silicone oil but not n-

dodecane (Dumont et al. 2006a) and with agitation at 800 rpm but not 1000 

rpm or 1200 rpm (Correia et al. 2006). 

The behaviour of KLa in these studies suggests that the fluid properties (as 

determined by the type and concentration of the hydrocarbon) as well as the 

reactor geometry and operating parameters (especially agitation) strongly  

 
Figure 2.4: Depression and subsequent enhancement of overall volumetric 

oxygen transfer coefficient by hydrocarbon 

 Cents (2003),  Yoshida et al. (1970),  Dumont et al. 

(2006a),  Kundu et al. (2003),  Kundu et al. (2003) 
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Figure 2.5: Depression of overall volumetric oxygen transfer coefficient by 

hydrocarbon 

 Correia et al. (2006),  Dumont et al. (2006a),  Dumont et al. 

(2006a),  Wong and Shiuan (1986),  Yoshida et al. (1970) 

reactor geometry and operating parameters (especially agitation) strongly 

influence KLa behaviour in hydrocarbon-aqueous dispersions. It is likely that 

these parameters do not act independently, but that multiple causative factors 

relate to KLa behaviour and further, that the predominance of each of these 

factors varies, depending on the prevailing process conditions. If a predictive 

model to define locales of optimum KLa is to be developed in hydrocarbon-

aqueous dispersions, it is essential to acquire a fundamental understanding of 

the factors which underpin the behaviour of KLa, and the complex interaction 

of the factors, in these systems. 

 
2.5. Factors influencing overall volumetric oxygen transfer 

coefficient in hydrocarbon-aqueous dispersions 

Since K a is a composite parameter comprising the interfacial area available 

for transfer and the oxygen transfer coefficient (K ), the causative factors 

which characterise the behaviour of K a will be those which alter either the 

interfacial area, or the resistance to oxygen transfer, or both. 

L

L

L

The interfacial 
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area and KL in hydrocarbon-aqueous dispersions are both significantly 

influenced by turbulence and fluid properties. The extent of this influence is 

ultimately defined by the prevailing operating conditions such as agitation and 

hydrocarbon type and concentration and, to a lesser extent, aeration and 

temperature. Here the influences of turbulence and fluid properties on 

interfacial area and KL are discussed separately; nevertheless cognisance is 

taken of the complex interaction of the influences of these parameters on the 

interfacial area and on K . L

 
2.5.1. Influence of turbulence on interfacial area and oxygen transfer 

coefficient 

Turbulence is essential in promoting oxygen transfer and with its positive 

effect both on the interfacial area and KL, is the key to supplying adequate 

oxygen. Traditionally, turbulence has been promoted through increased 

energy input, as defined by power input per unit volume (P/V), increased 

impeller speed (N) or increased aeration rate (Vs). Turbulence is often further 

enhanced by the modification of vessel and impeller geometries. 

 
2.5.1.1. Influence of turbulence on interfacial area 

The influence of turbulence on interfacial area has been documented in a 

wide variety of fluids and over a broad range of operating conditions in 

systems with differing reactor and impeller geometries. Empirical models 

defining the contribution made by turbulence, through the parameters P/V, N 

and Vs, to the interfacial area are listed in Table 2.6. 

These correlations exhibit a range of dependencies of interfacial area on P/V, 

N and Vs. The exponents of P/V varied from a low of 0.25 in water (de 

Figueiredo and Calderbank 1979) to highs of 0.9 and 1.06 in electrolyte 

solutions (Robinson and Wilke 1974; Hassan and Robinson 1980a; Hassan 

and Robinson 1980b) and electrolyte / polymer solutions (Linek et al. 2005). 

In fluids containing hydrocarbons, the exponent was relatively small at 0.4 

(Calderbank 1958; Sridhar and Potter 1980b). Similarly, a wide range of 

exponents of N and Vs is reported, with exponents of N from 0.7 in an 

electrolyte solution (Yoshida and Miura 1963) to 2.55 in a polymer solution (Al  
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Table 2.6: Empirical correlations for the prediction of interfacial area 

System Operating 
conditions 

Liquid phase(s) Equation Reference 

STR N = 200 – 1200 rpm; 
Vs = 0.305 – 0.61 
cm.s-1

Aqueous dispersions: 
ethanol, methanol, i-
propanol, n-butanol, 
ethylene glycol, CCl4; 
ethyl acetate, 
nitrobenzene; toluene 

( ) 0.50.4 0.2

0.61.44 L s

t

P V Va
V

ρ
σ

⎡ ⎤ ⎛ ⎞
= ⎢ ⎥ ⎜ ⎟

⎢ ⎥ ⎝ ⎠⎣ ⎦
 

Calderbank (1958) 

Sieve plates Vs = 6.1 – 60.1 
cm.s-1

Aqueous dispersions: 
aliphatic alcohols, glycol 

0.125

0.775 1 3

0.38 s s L L

st s
s L

s

V Va NV DD
A

ρ ρ
σμ

⎛ ⎞
⎜ ⎟⎛ ⎞ ⎛ ⎞
⎜ ⎟= ⎜ ⎟ ⎜ ⎟
⎜ ⎟⎝ ⎠ ⎝ ⎠
⎜ ⎟
⎝ ⎠

g
 

Calderbank (1959) 

STR ( )1.1 0.75
t sa ND V∝  

STR 

N = 60 – 400 rpm; 
Vs = 0.1693 – 0.762 
cm.s-1

Aqueous dispersions: 
NaOH 

( )0.7-0.9
ta ND∝  

Yoshida and Miura 
(1963) 

STR N = 255, 325 & 455 
rpm; Q = 0.68 m3.h-1

Aqueous dispersions: 
NaCl, sodium dodecyl 
sulphate, dow corning 
antifoam C 

1.75a N∝  Benedek and 
Heideger (1971) 

Bubble column Vs = 0.925 – 4.28 
cm.s-1  

Aqueous dispersions: 
glycol, methanol, CCl4

0.10.52 3
1.13

2

1
3 σ

t L t
G

t L

D Da
D

ρ ε
⎛ ⎞⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

g g
v

                  
Akita and Yoshida 
(1974) 

STR N = 800 – 2000 rpm; 
Vs = 0.457 cm.s-1

Aqueous dispersions: 
Na2SO3, KOH, K2CO3

( )0.89 1.06a P V −
∝  Robinson and Wilke 

(1974) 
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STR N = 250 – 500 rpm; 
Vs = 0.634 – 1.27 
cm.s-1

Aqueous ( )=
0.25 0.75

sa 593 P V V  de Figueiredo and 
Calderbank (1979) 

STR N = 732 – 1900 rpm; 
Vs = 0.37 – 1.11 
cm.s-1

Aqueous dispersions: 
Na2SO4, KOH, KCl, K2SO4

( )0.85 0.9 0.39
sa P V V−

∝  Hassan and 
Robinson (1980a) 

STR N = 732 – 1900 rpm; 
Vs = 0.37 – 1.11 
cm.s-1

Aqueous dispersions: 
Na2SO4, KOH, KCl, K2SO4

( )0.85 0.9 0.39 0.42
sa P V V− −∝  Hassan and 

Robinson (1980b) 

Review 
 

0.658 3 161 2 5 12 2 4 2 4

2 3 2 33.00 t L b tL

i

N D d N DQa
NV H V V

ρρ
σ σ

⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎡ ⎤= ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦ ⎣ ⎦

g
g  

Hughmark (1980) 

Bubble column Vs = 0 – 20 cm.s-1 Aqueous dispersions: 
CMC 

-2 0.51 -0.514.65 10 s La V μ= x  
Schumpe and 
Deckwer (1982) 

STR N = 480 – 1800 rpm; 
Vs = 1 – 5 cm.s-1

Cyclohexane                        ( ) 0.5 0.160.4 0.2

0.61.44 gL s t

t a

P V V Ea
V P

ρρ
σ ρ

⎡ ⎤ ⎛ ⎞ ⎛ ⎞⎛ ⎞= ⎢ ⎥ ⎜ ⎟ ⎜ ⎟⎜ ⎟
⎝ ⎠⎢ ⎥ ⎝ ⎠ ⎝ ⎠⎣ ⎦

 
Sridhar and Potter 
(1980b) 

STR N = 400 – 850 rpm; 
Q = 0.12 – 0.48 
m3.h-1

Aqueous dispersions: 
NaCl ( )0.62 0.45

sa P V V∝  Ho et al. (1987) 

Bubble column Vs = 2 – 7 cm.s-1 Aqueous dispersions: 
CMC 7H4, 
carboxypolymethylene 

0.250.4 0.6
1-

0.66 ε dL
G

c

a C α με ρ
σ μ

⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
              

Kawase et al. 
(1987) 

( )0.76 0.34 -0.182.87 s La P V V μ=  Stirred slurry 
reactor 

P/V = 300 – 10000 
W.m-3; Vs = 0.34 – 
4.6 cm.s-1

Aqueous dispersions: 
CMC, Na2SO3-glass 
beads 

( )0.39 0.48 -1.113.17 s La P V V μ=  

Schmitz et al. 
(1987) 
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Aqueous 0.77 0.280.14a N Q=    STR N = 750 – 1500 rpm; 
Q = 0.12 – 7.26 
m3.h-1  Aqueous dispersions: 

Polypropylene glycol 
methyl ether (PGME) 

23.9 2.55 0.06 -15.410 N Qa σ=    

Al Taweel and 
Cheng (1995) 

STR N = 180 rpm; Q = 
5.904 – 24.7 m3.h-1

Aqueous dispersions: 
NaCl ( )0.30.85 0.4 0.5

sa N P V V −∝  Barigou and 
Greaves (1996) 

Prediction models ( )0.51.6 0.65 -0.3
s La N P V V μ∝  Garcia-Ochoa and 

Gomez (2004) 

Aqueous dispersions: 
Na2SO3

( )0.863a P V∝  

Aqueous dispersions: 
Na2SO3, Sokrat ( )0.913a P V∝  

Aqueous dispersions: 
Na2SO3, CMC TS.5 ( )0.632a P V∝  

Aqueous dispersions: 
Na2SO3, CMC TS.20  ( )0.689a P V∝  

Aqueous dispersions: 
Na2SO3, ocenol  ( )0.492a P V∝  

STR N = 0 – 1130 rpm; 
Vs = 18 – 54 cm.s-1

Aqueous dispersions: 
Na2SO3,  Polyethylene 
glycol (PEG) 100  

( )0.903a P V∝  

Linek et al. (2005) 
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electrolyte solution (Yoshida and Miura 1963) to 2.55 in a polymer solution (Al 

Taweel and Cheng 1995) and exponents of Vs from 0.06 in a polymer solution 

(Al Taweel and Cheng 1995) to 0.9 in a hydrocarbon solution (Calderbank 

1959). 

The influences of P/V, N and Vs on interfacial area are, however, not 

independent.  When comparing the interaction of P/V and Vs for instance, the 

influence of Vs is generally less at high P/V (Hassan and Robinson 1980a; 

Hassan and Robinson 1980b; Ho et al. 1987; Schmitz et al. 1987), than at 

comparatively lower P/V (de Figueiredo and Calderbank 1979). Consequently, 

when assessing the influence of turbulence on interfacial area, the interaction 

between P/V, N and Vs, as well as their individual influences, needs to be 

considered. 

The positive exponents on P/V, N and Vs in these correlations nevertheless 

confirm the beneficial impact of turbulence on the interfacial area in all fluids 

and systems examined. Turbulence increases the interfacial area available for 

transfer through increased shear which modifies the coalescence and break 

up of the gas bubbles, thereby reducing the bubble size. The reduced bubble 

size results in an increased residence time of the gas in the liquid, thus 

concomitantly increasing the gas holdup. 

The effect of bubble size and bubble hold up on interfacial area is defined by 

equation 2.25 which relates interfacial area per unit volume to the volume-

surface mean diameter, or Sauter mean diameter (D32), through the fractional 

gas holdup ( )Gε .  

6ε
= G

32

a
D

 (2.25) 

Empirical equations relating turbulence to D32 (Table 2.7) and Gε  (Table 2.8), 

similar to those relating turbulence to interfacial area, have been proposed. 

Turbulence, induced through P/V and N, both resulted in decreased D32 or db. 

D32 or db ( ) 0.4P V −
∝  has been found to be applicable for systems containing 

hydrocarbons (Hinze 1955; Calderbank 1958; Lee and Meyrick 1970; Sridhar 

and Potter 1980a; Parthasarathy et al. 1991; Parthasarathy and Ahmed 1994;  
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Table 2.7: Empirical correlations for the prediction of bubble diameter 

System Operating Conditions Liquid phase(s) Equation Reference 

Theoretical models 

( )
σ

ρ
=

0.6

32 0.4 0.2
L

D 2
P V

 
Hinze (1955) 

STR N = 200 – 1200 rpm; 
Vs = 0.305 – 0.61 
cm.s-1

Aqueous 
dispersions: ethanol, 
methanol, i-
propanol, n-butanol, 
ethylene glycol, 
CCl4, ethyl acetate, 
nitrobenzene, 
toluene 

( )

0.6
0.5

0.4 0.2
4.15 0.09σ ε

ρ

⎛ ⎞
= +⎜ ⎟

⎜ ⎟
⎝ ⎠

32 G
L

D
P V

 

 

Calderbank (1958)  

STR 0.3
32D N−∝  

STR 

N = 60 – 400 rpm; Vs 
= 0.1693 – 0.762 
cm.s-1

Aqueous 
dispersions: NaOH 

0.1
32D N−∝  

Yoshida and Miura 
(1963) 

STR N = 30 – 600 rpm; Vs 
= 0.36 – 0.91 cm.s-1

Aqueous 
dispersions: NaCl, 
Na2SO4 ( )

0.6
0.5

0.4
0.2

4.25
1

1

b G

L
G

d

P V

σ ε

ρ
ε

=
⎡ ⎤
⎢ ⎥−⎣ ⎦

 
Lee and Meyrick 
(1970)  

Bubble column Vs = 0.925 – 4.28 
cm.s-1

Aqueous 
dispersions: glycol, 
methanol, CCl4

0.120.121 22 3

22632 t L t s

t L t

D D D V
D D

ρ
σ

−−− ⎛ ⎞⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠

g g
v g

 

Akita and Yoshida 
(1974) 

STR N = 480 –  1800 rpm; 
Vs = 1 - 5 cm.s-1

Cyclohexane ( ) 0.4
32D P V −
∝  Sridhar and Potter 

(1980a) 
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Bubble column Vs = 0.26 – 6.7 cm.s-1 Aqueous 
dispersions: 
glycerol-glass beads 

( )2

0.59 D G
32

V
D

ε
=

g
 

Fukuma et al. (1987)  

Bubble column Vs = 8 cm.s-1 Aqueous 
dispersions: 
sucrose, ethanol-Ca 
alginate 

( )
0.390.10.442 3

20.87 exp 2.0t L t s
32 S L

L t

gel
S L

gel

D D VD
D

V
where 

V + V

ρ ε
σ

ε

− ⎛ ⎞⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠

=

g g
v g

 

Sun and Furusaki 
(1988) 

Flotation cell Q = 0.096 m3.h-1 Aqueous 0.4
32 sD V∝  O'Connor et al. 

(1990) 

STR N = 125 – 800 rpm; 
Vs = 0.025 – 0.125 
cm.s-1

Aqueous 
dispersions: 4-
methyl 2-pentanol ( )

0.6

0.4 0.2
2.032

L

D
P V

σ
ρ

=  
Parthasarathy et al. 
(1991) 

STR  Aqueous ( )0.1 region of the impeller0.5
32 sD N V−∝  Takahashi et al. 

(1992)  

STR N = 125 – 1000 rpm; 
Vs = 0.025 – 0.125 
cm.s-1

Aqueous 
dispersions: 4-
methyl 2-pentanol 

( ) 0.4
32D P V −
∝  Parthasarathy and 

Ahmed (1994) 

STR N = 770rpm; Q = 1.1 
vvm 

Aqueous 
dispersions: 
Na2SO4, ethanol, n-
butanol 

( ) 0.41.2
32D N P V −−∝  Machon et al. (1997) 

STR   ( ) ( ) ( )
0.4 0.6 0.6

32 LD ε σ ρ
− −∝  

Pacek et al. (1997) 
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STR N = 300 – 450 rpm;  
Q = 0.25 & 5 vvm 

Aqueous 
dispersions: 
Na2SO4, PEG  ( )

0.6

0.2 0.632
L

D C
P V

σ
ρ

⎛ ⎞
= ⎜ ⎟

⎜ ⎟
⎝ ⎠

  
Alves et al. (2002a) 

Aqueous 
dispersions: 
Na2SO4, PEG  

( ) ( ) ( )0.52 turbine  & 0.37 bulk
32D P V − −
∝  

STR N = 300 – 450 rpm;  
Q = 0.25 & 5 vvm 

Tap water ( ) ( ) ( )0.24 turbine  & 0.14 bulk
32D P V − −
∝  

Alves et al. (2002b) 

Prediction models 
 ( )

0.6

0.4 0.2b
L

d
P V

σ
ρ

∝   
Garcia-Ochoa and 
Gomez (2004) 

Aqueous 
dispersions: 
decanol, diethylene 
glycol, cyclohexanol  

0.702 3

2.72 L i
32 i

N DD D ρ
σ

−
⎛ ⎞

= ⎜ ⎟    (transitional flow) 
⎝ ⎠

STR ε  = 17 – 47 W.kg-1

Aqueous 
dispersions: 
propanol, butanol  

0.382 3

0.113 L i
32 i

N DD D ρ
σ

−
⎛ ⎞

= ⎜ ⎟    (turbulent flow) 
⎝ ⎠

Hu et al. (2005) 
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Table 2.8: Empirical correlations for the prediction of gas holdup 

System Operating 
conditions 

Liquid phase(s) Equation Reference 

STR N = 200 – 
1200 rpm; Vs 
= 0.305 – 
0.61 cm.s-1

Aqueous 
dispersions: 
ethanol, 
methanol, i-
propanol, n-
butanol, 
ethylene glycol, 
CCl4; ethyl 
acetate, 
nitrobenzene, 
toluene 

( )0.5 0.50.4 0.2

0.60.0216 Ls G s
G

t t

P VV V
V V

ρεε
σ

⎡ ⎤⎛ ⎞ ⎛ ⎞
= + ⎢ ⎥⎜ ⎟ ⎜ ⎟

⎠
 

⎢ ⎥⎝ ⎠ ⎝⎣ ⎦

Calderbank 
(1958) 

STR 0.750.8
G sN Vε ∝  

STR 

N = 60 – 400 
rpm; Vs = 
0.1693 – 
0.762 cm.s-1

Aqueous 
dispersions: 
NaOH 

0.6-0.8
G Nε ∝  

Yoshida and 
Miura (1963) 

Bubble column Vs = 0.4 – 45 
cm.s-1

Aqueous 
dispersions:  
kerosene, 
glycerol, light oil, 
Na2SO3, ZnCl2

1 3
62.4 72

G s
L

Vε
ρ σ

⎡ ⎤⎛ ⎞⎛ ⎞= ⎢ ⎥⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠⎣ ⎦

 
Hughmark 
(1967) 

STR N = 2440 rpm; 
Vs = 0.8 – 5 
cm.s-1

Pure liquids 
(water, 
cyclohexane, n-
hexane) 

( )1 62 3 3

40.31 0.45
g

VD iL s L i
G

L tt

N-N DV D
DD

μ ρ σε
σ μ

⎛ ⎞⎛ ⎞= +⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠g

 
van 
Dierendonck et 
al. (1968) 
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Bubble column Vs = 0.3 – 40 
cm.s-1

Aqueous 
dispersions: 
glycol, methanol, 
CCl4, NaCl, 
Na2SO3

( )
g g

g

1 8 1 122 3
G t L t s

4 2
L tG

D D VC
D1

ε ρ
σε

⎛ ⎞⎛ ⎞ ⎛ ⎞
= ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟− ⎝ ⎠ ⎝ ⎠ ⎝ ⎠v

  
Akita and 
Yoshida (1973) 

Bubble column Vs < 27.78 
cm.s-1

Aqueous 
dispersions: 
glycol, methanol, 
CCl4

( )
g g

g

1 8 1 122 3
G t L t s

1 4 2
L tG

D D V0.2
D1

ε ρ
σε

⎛ ⎞⎛ ⎞ ⎛ ⎞
= ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟− ⎝ ⎠ ⎝ ⎠ ⎝ ⎠v

 

  

Akita and 
Yoshida (1974) 

STR N = 25 – 420 
rpm; Vs = 0.76 
– 15.74 cm.s-1

 Aqueous ( )0.5 0.50.4 0.2
4

0.62.16 10 e Ls G s
G

s t s t

P VV V
V + V V + V

ρεε
σ

−
⎛ ⎞⎛ ⎞ ⎛ ⎞

= + ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
x  

Miller (1974) 

  Aqueous 
dispersions: 
sucrose, 
methanol, n-
butanol 

0.052 3
0.47 0.072 0.0010.505G s

L

Vε
σ μ

⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

 
Hikita and 
Kikukawa 
(1974) 

STR N = 315 – 900; 
Vs = 0.72 – 
2.16 cm.s-1

Aqueous 
dispersions: 
glycerine 
 

0.2 0.42 3
310 L s i L i

G
L

V D N Dρ ρε
μ σ

− ⎡ ⎤ ⎛ ⎞
= ⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 

Sterbacek and 
Sachova (1976)  

0.57Nε ∝ 1.04
G sV  STR N = 50 – 2100 

rpm; Q = 
0.063 – 1.47 
m3.s-1

Aqueous 
dispersions: 
propionic acid, 
methyl acetate, 
ethylene glycol, 
glycerol, Na4SO3

2

G
QNC

α

ε
σ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 

Hassan and 
Robinson 
(1977b) 
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STR N = 250 – 500 
rpm; Vs = 
0.634 – 1.27 
cm.s-1

Aqueous ( )0.25 0.750.34ε =G sP V V  de Figueiredo 
and Calderbank 
(1979) 

Bubble column Vs = 4.2 – 38 
cm.s-1

Aqueous 
dispersions: 
sucrose, 
methanol, n-
butanol, aniline 

0.131 0.062 0.1070.578 3
gs L GL

G 3
L L L

V0.672
ρμ μμ

ε
σ ρ σ ρ μ

−
⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞= ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠

g
 

Hikita et al. 
(1980) 

STR N = 480 – 
1800 rpm; Vs 
= 1 – 5 cm.s-1

Cyclohexane ( )0.5 0.50.4 0.2

0.60.000216 gLt G t t
G

s s a

P VV V E
V V P

ρρεε
σ ρ

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞= + ⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟
⎝ ⎠⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦

 
Sridhar and 
Potter (1980a) 

Bubble column Vs = 1 – 30 
cm.s-1

Aqueous 
dispersions: 
methanol, 
ethanol, n-
propanol, i-
propanol, n-
butanol 

( )
0.58 0.260.96

1 2.6
s N

G
L

V C
V

ε =
+

 
Kelkar et al. 
(1983) 

Bubble column Vs = 0.98 – 
15.6 cm.s-1

Aqueous 
dispersions: 
glycerol, glycol, 
BaCl2, Na2SO4

( )

2
0.222 0.0237 0.001850.2830.964 3

4

4 2

2

0.16

1 1 1.61 1 0.00565

 

Crkexp

G L dL N

L t tG

G

U D
D D

Crkexp

Crkwhere  is a parameter of bubble coalescence (Marrucci 1

σμ ρ σ δ
σ με

ε
σ

σ

⎛ ⎞
⎟⎟
⎠

Koide et al. 
(1983) − − −⎜⎜

⎝⎛ ⎞ ⎛ ⎞⎛ ⎞⎛ ⎞
⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠=
⎡ ⎤⎛ ⎞−

− − −⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

g

969)
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2

0.619 1.14 0.496

1 ln

1 49.1

 1

G
GH,o

GC

G

s S L t G L

S L L

GT,o

GH,o

UM exp
U

C - D U

where M

ε

ε
ρ ρ ρ

ρ ρ μ

ε
ε

−

⎡ ⎤⎧ ⎫⎛ ⎞⎪ ⎪⎢ ⎥+ ⋅ −⎨ ⎬⎜ ⎟
⎢ ⎥⎝ ⎠⎪ ⎪⎩ ⎭⎣ ⎦=

⎛ ⎞ ⎛ ⎞ ⎛ ⎞
+ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎝ ⎠
⎛ ⎞

= −⎜ ⎟⎜ ⎟
⎝ ⎠

  

Bubble column Vs = 3 – 15 
cm.s-1

Aqueous 
dispersions: 
glycerol, glycol, 
BaCl2, Na2SO4

( )

0.2520.918

4 0.748 0.881 0.1681
1 4.35

 

4
G L L

3
LG

G s S L t G L

S L L

S S
s

L S

U0.277

C - D U

where C

μ μ
σ ρ σε

ε ρ ρ ρ
ρ ρ μ

ρ ε
ε ε

−

−

⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠=
− ⎛ ⎞ ⎛ ⎞ ⎛ ⎞

+ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

=
+

g

 

Koide et al. 
(1984) 

STR N = 400 – 850 
rpm; Q = 0.12 
– 0.48 m3.h-1

Aqueous 
dispersions: 
NaCl 

( )0.45 0.61
G sP V Vε ∝  Ho et al. (1987) 

Bubble column Vs = 2 – 7 
cm.s-1

Aqueous 
dispersions: 
CMC, Carbopol 

0.7ε ∝G sV  Kawase et al. 
(1987) 

Bubble column Vs = 8 cm.s-1 Aqueous 
dispersions: 
Sucrose, 
Ethanol-Ca 
alginate 

0.82 0.10.82 3
3

22.1 10 s t L t
G

Lt

V D D
D

ρε
σ

−
⎛ ⎞ ⎛ ⎞⎛ ⎞

= ⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎝ ⎠ ⎝ ⎠⎝ ⎠

g gx
vg

 

Sun et al. 
(1988) 
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Prediction 
model 

  
( ) ( )

( ) ( ) ( )
( )
( )

12 23 5 2 1
2 1 2 1 2 112

1
G

s
G L

Vε
ε ρ

−
− + +−− + +

+ + ++
⎛ ⎞

= ⎜ ⎟− ⎝ ⎠

n nnn n
n n nn kn g  

Kawase et al. 
(1992b) 

STR Vs = 0.1 – 0.7 
vvm 

Aqueous 
dispersions: 
Glycerol 

( )0.375 0.62
G sP V Vε ∝  Nocentini et al. 

(1993) 

STR N = 400 – 750 
rpm; Q = 0.29 
– 0.975 vvm 

Aqueous 
dispersions: 
CMC, sucrose, 
sodium 
sulphate, 
sodium citrate, 
YM broth, silicon 
antifoam 

( )0.4 0.5
G sP V Vε ∝  Arjunwadkar et 

al. (1998) 

Aqueous ( )0.3091 0.7347
G sP V Vε ∝  STR N = 250 – 850 

rpm; Vs = 
0.212 – 0.848 
cm.s-1 Aqueous 

dispersions: 
Na2SO4

( )0.4903 0.5788
G sP V Vε ∝  

Linek et al. 
(2004) 

Airlift reactor N = 0 – 300 
rpm; Vs = 0 – 
10 cm.s-1

Aqueous ( )0.85
G P Vε ∝  Rostami et al. 

(2005) 

Airlift reactor Vs = 0 – 6 
cm.s-1

Aqueous 
dispersions: 
diesel, kerosine 

( ) 0.6730.9271.320 1ε φ −= +G s WOV  Mehrnia et al. 
(2005) 
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and Potter 1980a; Parthasarathy et al. 1991; Parthasarathy and Ahmed 1994; 

Machon et al. 1997) and electrolytes (Lee and Meyrick 1970). Alves et al. 

(2002b) found the effect of P/V on D32 to differ in the turbine and bulk regions 

of the reactor. In electrolyte solutions (or non-coalescing systems) D32 

correlated with ( ) 0.52P V −  in the turbine region and ( ) 0.37P V −  in the bulk 

region, which corresponds well with the hydrocarbon and electrolyte systems 

in which a correlation with ( ) 0.4P V −  was observed. In water (coalescing 

system) D32, was proportional to ( ) 0.24P V −  in the turbine region and ( ) 0.14P V −  

in the bulk region. The relatively poor dependence on P/V in a coalescing 

system shows that D32 was strongly influenced by coalescence.  

The effect of agitation on D32 varied, with exponents of N of -0.76 to -1.4 (Hu 

et al. 2005) in hydrocarbon containing systems and -0.1 to -0.3 in electrolyte 

solutions (Yoshida and Miura 1963). Overall, increased agitation shifted the 

bubble size distribution towards a smaller D32, and further, improved the 

uniformity of bubble size distribution, particularly at the lower gas flow rates 

(Barigou and Greaves 1992). The mechanism by which N influences D32 is 

attributed to the increase in entrained gas bubbles which reach the impeller 

blades (Miller 1974). 

Hu et al. (2005) used various dispersed phases to bring about different flow 

regimes in a stirred reactor under constant aeration and agitation. Addition of 

decanol, diethylene glycol and cyclohexanol as solutes resulted in D32 

proportional to . Use of butanol and propanol caused turbulent flow 

resulting in D

1.4 -2.8 iN D−

32 proportional to , i.e. with a comparatively lesser 

dependence of bubble size on impeller speed.  

0.76 -1.52 iN D−

The influence of agitation on D32, however, reaches a maximum after which 

D32 remains constant with further increases in agitation. Calderbank (1958) 

and Westerterp et al. (1963) showed that, in their system, D32 reached a 

constant minimum value between 1200 and 2300 rpm. The value of the 

minimum D32 has been found to be dependent on the solute. An analogous 

influence of agitation on interfacial area has been observed where N 

corresponding to the maximum interfacial area correlated well with that 

 49



corresponding to the minimum D32 (Calderbank and Moo-Young 1961; Sridhar 

and Potter 1980b; Albal et al. 1983). 

The effect of Vs on D32, on the contrary, is generally opposite to that of P/V 

and N.  holds in stirred agitators (Takahashi et al. 1992), flotation 

cells (O'Connor et al. 1990) and bubble columns (Sun and Furusaki 1988). 

Only Akita and Yoshida (1974), working in three different bubble columns, 

found the bubble size to decrease with increasing V

0.1 0.4
32 sD V −∝

s. The increase in D32 with 

increased Vs is a probable consequence of the reduction in turbulence as 

aeration reduces the mechanical power dissipation in the liquid through the 

growth of gas cavities behind the impeller blades, and through the dampening 

of velocity fluctuations in the fluid (Barigou and Greaves 1992). In addition, a 

higher probability of bubble collision and coalescence because of greater gas 

holdup is likely to lead to an increase in D32 (Barigou and Greaves 1992; 

Schäfer et al. 2002; Lemoine and Morsi 2005). 

In contrast, gas holdup is positively influenced by increased Vs (Table 2.8), 

which probably accounts for the increase in interfacial area with increased Vs, 

despite the frequent increase in D32.  Hold up is enhanced in STRs with both 

increasing P/V and Vs (Miller 1974; de Figueiredo and Calderbank 1979; 

Calderbank 1958; Sridhar and Potter 1980a; Ho et al. 1987; Nocentini et al. 

1993; Arjunwadkar et al. 1998; Linek et al. 2004). In these reactors, similar 

dependencies on P/V and Vs were reported in water (Miller 1974; de 

Figueiredo and Calderbank 1979; Linek et al. 2004), electrolyte solutions (Ho 

et al. 1987; Arjunwadkar et al. 1998), cyclohexane (Sridhar and Potter 1980a) 

and in hydrocarbon-aqueous dispersions (Calderbank 1958; Nocentini et al. 

1993). The exponents of P/V and Vs varied from 0.25 to 0.85 and 0.2 to 1 

respectively, over widely differing impeller geometries and scale, suggesting a 

lesser role of system geometry in defining hold up. The dependence on P/V 

(exponent 0.8) in an air-lift reactor is by comparison, considerably larger 

(Rostami et al. 2005). Increased hold up similarly results from increased 

agitation (Yoshida and Miura 1963; van Dierendonck et al. 1968; Hassan and 

Robinson 1977b) and exponents of N ranging from 0.6 to 1.04 have been 

reported. 
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The improved gas holdup, through increased P/V and N, results from an 

increased dispersion of small bubbles within the system, with slower bubble 

rise velocities (Al Taweel and Cheng 1995). The longer residence time of 

smaller bubbles allows more time for the oxygen to transfer to the liquid phase 

(Albal et al. 1983). On the other hand, a larger Vs increases the bubble 

collision frequency leading to a higher coalescence (Schäfer et al. 2002) with 

correspondingly larger bubbles. The preferential release of larger bubbles 

may result in greater proportion of smaller bubbles in the fluid and 

consequently, a larger gas holdup. 

In bubble columns, the fluid dynamic characterization has a significant affect 

on the operation and performance. Here the exponents depend strictly on the 

flow regime prevailing in the column. Three types of flow regimes are 

commonly observed and are classified according to the prevailing Vs, viz. the 

homogeneous (bubbly flow), the heterogeneous (churn-turbulent) and the slug 

flow regimes. The bubbly flow regime and churn turbulent regimes are 

observed at low and high Vs respectively. The slug flow regime is of lesser 

importance, being limited solely to small diameter columns at high Vs. The 

transition from bubbly to churn-turbulent flow depended, inter alia, on the 

liquid phase and reactor type. Transitional phases were reported at Vs values 

of 0.1 to 0.2 m.s-1 in a slurry bubble column with an paraffin oil-silica 

suspension (Krishna et al. 1997), 0.2 to 0.7 m.s-1 in water and cyclohexane 

(Chaumat et al. 2005) and 0.08 to 0.2 m.s-1 in water, tetradecane, paraffin and 

tellus oil (Vandu and Krishna 2004). 

The bubbly flow regime is characterized by relatively small uniform bubbles 

sizes and slow rise velocities. There is negligible bubble coalescence or break 

up, thus bubble size is essentially dictated by the sparger design and system 

properties. Generally it is found that hold up in this regime increases with 

increasing Vs with the exponent varying from 0.7 to 1 in electrolyte solutions 

and hydrocarbon dispersions (Akita and Yoshida 1973; Koide et al. 1983; Sun 

et al. 1988; Mehrnia et al. 2005). Kelkar et al. (1983) reported an exponent of 

0.58 in alcohol dispersions but show that hold up increased with increasing 

carbon chain length.  
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The churn-turbulent regime exhibits unsteady flow patterns with enhanced 

turbulent motion of the bubbles and high liquid recirculation. High gas 

throughputs encourage coalescence leading to large bubbles with short 

residence times. A wide bubble size distribution is attained. The effect of Vs in 

this regime on hold up is less pronounced than in the bubbly flow regime, with 

the exponent varying between 0.2 and 0.7. Koide et al. (1983) noted that 

moving from the transition regime to the churn-turbulent regime by increasing 

the superficial velocity increases the overall gas holdup. 

 
2.5.1.2. Influence of turbulence on oxygen transfer coefficient 

In addition to its effect on the interfacial transfer area, intensified fluid 

turbulence impacts on KL by decreasing the width of the stagnant boundary 

layer, according to the two phase theory. This results in a decreased 

resistance to molecular diffusion and a consequent increase in KL and 

increased overall rate of oxygen transfer. This effect has been noted in a 

bubble column where an enhancement of KLa on increased aeration was 

concluded to result from increased disturbance of the concentration boundary 

layer by neighbouring bubbles (Paaschen and Lubbert 1997). Thus an 

increase in turbulence will increase KLa macroscopically through the 

increases in the interfacial transfer area available for oxygen transfer, as well 

and microscopically by increasing the effectiveness of transfer across these 

interfaces. 

Enhanced KL with increased turbulence has been empirically demonstrated 

through the effect of P/V and N on KL and a number of correlations are 

available where KL is proportional to ( )0.09 0.531 −P V  in a variety of systems 

containing hydrocarbons, electrolytes or polymers (Table 2.9) (Calderbank 

and Moo-Young 1961; Yoshida and Miura 1963; Lamont and Scott 1970; 

Linek et al. 1970; Koetsier and Thoenes 1973; Prasher and Wills 1973; de 

Figueiredo and Calderbank 1979; Panja and Phaneswara Rao 1993; Linek et 

al. 2005). KL is similarly enhanced with increasing turbulence through 

increased N as observed in other several publications (Yoshida and Miura 

1963; Koetsier and Thoenes 1973; Perez and Sandall 1974).  
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Table 2.9: Empirical correlations for the prediction of the oxygen transfer coefficient 

System Operating 
conditions 

Liquid phase(s) Equation Reference 

Sieve plates Vs = 6.1 – 60.1 
cm.s-1

Aqueous 
dispersions: 
aliphatic alcohols, 
glycol 

0.5 0.766

L 32 32 sl LL

L L L L

K D D V
D D

ρμ
ρ μ

⎛ ⎞ ⎛ ⎞
= ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 
Calderbank 
(1959) 

   
0.51.13= sl

L G
b

VK D
d

 
Bird et al. (1960)  

( ) 1 31 2

20.42 G L LL
L

L L

K
D

ρ ρ μ
ρ

−⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠

gv
 

( ) 1 32 3

0.31 G L LL
L 2

L L

-
K

D
ρ ρ μ

ρ
⎛ ⎞⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

gv
 

Review 

( ) 1 42 3

20.13 LL
L

L L

P V
K

D
μ

ρ
⎛ ⎞⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

v
 

Calderbank and 
Moo-Young  
(1961) 

STR N = 60 – 400 
rpm; Vs = 
0.1693 – 0.762 
cm.s-1

Aqueous 
dispersions: 
NaOH 

( )0.20.6 0.4
L 32K N P V D−∝  Yoshida and 

Miura (1963)  

Bubble columns Vs = 4 – 45 
cm.s-1

Aqueous 
dispersions:  
kerosene, 
glycerol, light oil, 
Na2SO3, ZnCl2

1.610.484 0.339 1 3
32 2 0.0187L b sl L bL

L L L L

K D d V d
D D D

ρ
μ

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞
⎢ ⎥= + ⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦

gv
 

Hughmark 
(1967)  
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Prediction models 
  

( ) 1 4 1 2

0.4 L L
L

L L

P V DK
ρ

⎛ ⎞ ⎛ ⎞
= ⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠

v
v

  
Lamont and 
Scott (1970) 

STR N = 250 – 550 
rpm 

Aqueous 
dispersions: 
Na2SO3, KI, 
Na2SO4

( )0.19
LK P V∝  Linek et al. 

(1970) 

STR N = 255, 325 & 
455 rpm; QG = 
0.68 m3.h-1

Aqueous 
dispersions: 
NaCl, sodium 
dodecyl sulphate, 
dow corning 
antifoam C 

0.5
L 32K D∝  Benedek and 

Heideger (1971) 

( )0.3
LK P V∝  STR N = 180 – 780 

rpm 
Aqueous 
dispersions: - 
NaCl 

0.3 0.7 0.353 5
4

3

13.25 10 i i
L

t t t

N D DK
D D D

− ⎛ ⎞ ⎛ ⎞ ⎛ ⎞
= ⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠
x   

Koetsier and 
Thoenes (1973) 

STR N = 150 – 350 
rpm; Vs = 0.29 
– 1.2 cm.s-1

Aqueous 
dispersions: 
NaOH 

( ) 1 4 1 2

0.592 L L
L

L L

P V DK
ρ

⎛ ⎞ ⎛ ⎞
= ⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠

v
v

 
Prasher and 
Willis (1973) 

Bubble column  
 

Aqueous 
dispersions: 
glycol, methanol, 
CCl4

0.5 0.25 0.3753 2
32

20.5L 32 32 LL

L L L

K D D D
D D

ρ
σ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞
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⎝ ⎠⎝ ⎠ ⎝ ⎠

g gv
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Akita and 
Yoshida (1974) 

STR  N = 100 – 500 
rpm; Vs = 0.162 
– 0.466 cm.s-1

Aqueous 
dispersions:  
carbopol 

( )
0.426

0.4263 1 0.5 1.352 0.426 0.8523 15.11 10 11
4L L iD

Perez and 
Sandall (1974) 

LK D Nρ
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STR N = 250 – 500 
rpm; Vs = 0.634 
– 1.27 cm.s-1

Aqueous ( )0.33
LK P V∝  de Figueiredo 

and Calderbank 
(1979) 

STR N = 732 – 1900 
rpm; Vs = 0.37 
– 1.11 cm.s-1

Aqueous 
dispersions: 
Na2SO4, KOH, 
KCl, K2SO4

( ) 0.56
LK P V −∝  Hassan and 

Robinson 
(1980a) 

STR N = 732 – 1900 
rpm; Vs = 0.37 
– 1.11 cm.s-1

Aqueous 
dispersions: 
Na2SO4, KOH, 
KCl, K2SO4

( ) 0.56
LK P V −∝  Hassan and 

Robinson 
(1980b) 

Review 
L L L

L L L

K LV
D

β γ

α
μ

⎛ ⎞ ⎛ ⎞
= ⎜ ⎟ ⎜ ⎟

⎠
 

⎝ ⎠ ⎝

v
v

Moo-Young and 
Blanch (1981) 

Bubble column Vs = 0 – 20 
cm.s-1

Aqueous 
dispersions: CMC 

0.083 0.324.5 10 sL LK V μ− −= x  
Schumpe and 
Deckwer (1982) 

Bubble column Vs = 2 – 7 cm.s-

1
Aqueous 
dispersions: 
CMC, carbopol 

( )
1

2 12 ng
k
ρ

π

+⎛ ⎞= ⎜ ⎟
⎝ ⎠

s L
L L

VK D  

Kawase et al. 
(1987) 

Bubble column Vs = 8 cm.s-1 Aqueous 
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sucrose, ethanol-
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Bubble column Vs = 0.8 – 7 

cm.s-1
Aqueous 
dispersions: 
CMC-C. 
cellulolyticum 
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L

K D ε
τ ρπ

− +
+⎛ ⎞⎛ ⎞ ⎛ ⎞= ⎜ ⎟⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠ ⎝ ⎠

n
nn k

 

Kawase et al. 
(1992a) 
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Kawase and 
Moo-Young  
(1992) 

STR N = 200 – 600 
rpm  

Aqueous 
dispersions: 
isopropanol, amyl 
alcohol 
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Panja and 
Phaneswara 
Rao (1993) 

2 3

1 60.6 sl G
L

b L

V DK
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STR N = 250 – 600 

rpm;  Q = 0.6 & 
1.2 m3.h-1

Aqueous 
dispersions: 
Na2SO4, PEG 

0.51.13 sl
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b

VK D
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Alves et al. 
(2004)  

STR N = 250 – 850 
rpm; Vs = 0.212 
– 0.848 cm.s-1

Aqueous 
dispersions: 
Na2SO4
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P V DK
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Linek et al. 
(2004) 

Theoretical 
models 

  Aqueous 
dispersions: 
glucose, xanthan 
gum, silicone 
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  biosurfactant- 
Xanthomonas 
campestris NRRL 
B-1459, Candida 
bombicola NRRL 
Y-17069 

( )
1

2 12 L
L LK D ερ

π

+⎛ ⎞
= ⎜ ⎟

⎝ ⎠

n

k
 

 

Aqueous 
dispersions: 
Na2SO3

( ) 0.25 0.5

0.448 L L
L

L L

P V DK
ρ

⎛ ⎞ ⎛ ⎞
= ⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠

v
v

  

Aqueous 
dispersions: 
Na2SO3

( )0.238
LK P V∝  

Aqueous 
dispersions: 
Na2SO3, Sokrat 

( )0.243
LK P V∝  

Aqueous 
dispersions: 
Na2SO3, CMC 
TS.5  

( )0.276
LK P V∝  

Aqueous 
dispersions: 
Na2SO3, CMC 
TS.20  

( )0.09
LK P V∝  

Aqueous 
dispersions: 
Na2SO3, ocenol 

( )0.188
LK P V∝  

STR 
 

N = 0 – 1130 
rpm; Vs = 18 – 
54 cm.s-1

Aqueous 
dispersions: 
Na2SO3,  PEG 
100 

( )0.246
LK P V∝  

Linek et al. 
(2005) 
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However, KL has been found to be only slightly dependent on Vs over a range 

of tank geometries (Miller 1974) and for both aqueous and solid-aqueous 

suspensions (Mena et al. 2005). These results have been confirmed by 

Prasher and Wills (1973), Schumpe and Deckwer (1982) and Sun and 

Furusaki (1988). Schumpe and Deckwer (1982) found  with K∝ 0.08
L sK V L 

constant at Vs over 8 cm.s-1. Hassan and Robinson (1980a; 1980b) and Ho et 

al. (1987) found KL to be independent of Vs for all practical purposes. Similarly 

KL was found to be independent of Vs in several other studies (Calderbank 

and Moo-Young 1961; Lamont and Scott 1970; de Figueiredo and Calderbank 

1979; Kawase et al. 1992a; Garcia-Ochoa and Gomez 2004). The lesser 

effect of Vs on KL suggests that the influence of Vs through increased 

turbulence is diluted by its effect on coalescence.  

In addition to enhancing KL through reduced resistance to oxygen transfer, 

turbulence also alters KL through its influence on bubble size. KL associated 

with large (> 2.5 mm) bubbles was greater than KL associated with small (< 

2.5 mm) bubbles by as much as five fold (Alves et al. 2004). A transition zone 

between the large and small bubble regimes has been observed where KL 

decreased uniformly with decreasing bubble size (Hammerton and Garner 

1954; Griffith 1960; Calderbank and Moo-Young 1961; Linek and 

Mayrhoferová 1969; Linek et al. 1970; Benedek and Heideger 1971; 

Raymond and Zieminski 1971; Miller 1974; Kawase and Moo-Young 1992; 

Montes et al. 1999b). In this transition zone, KL has been found to be 

proportional to  (Calderbank and Moo-Young 1961) and  (Robinson 

and Wilke 1974) in nonviscous electrolyte solutions. 

1.04
32D 0.813

32D

The dependence of KL on bubble size has been attributed to the different 

characteristics in the hydrodynamic regimes of the rigid spherical surfaces of 

the small bubbles and the deformable, mobile surfaces of the large bubbles 

(Calderbank 1959; Robinson and Wilke 1974; de Figueiredo and Calderbank 

1979). Bubbles with mobile oscillating surfaces have an internal gas 

circulation that promotes oxygen transfer by regenerating the gas-liquid 

surface at the interface. Bubbles with rigid surfaces, on the other hand, have 

no internal circulation, but behave as rigid spheres, resulting in relatively lower 
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oxygen transfer. Further, oscillating bubbles are able to wobble and move in 

spirals during free rise, movements which generate convective motions that 

greatly enhance the oxygen transfer rate (Montes et al. 1999b), with rates 

from oscillating bubbles 7 to 70 times larger than those from rigid bubbles 

(Calderbank 1967).The enhanced transfer rates are suggested to result from 

a marked effect of surface rigidity on KL for which a value of 4.56x10-2 cm.s-1 

is generally accepted for oscillating bubbles (Calderbank and Moo-Young 

1961) while KL values for rigid bubbles are 3.6-fold lower at 1.27x10-2 cm.s-1 

(Calderbank and Moo-Young 1961; Raymond and Zieminski 1971). Other 

publications by Robinson and Wilke (1974) and Akita and Yoshida (1974) also 

observe a decrease in KL with decreasing bubble size corresponding to the 

transitional zone between oscillating and rigid bubbles. 

Calderbank (1959), Calderbank and Moo-Young (1961), Midoux and 

Charpentier (1984) and Schmitz et al. (1987) have shown that while KL 

decreased in the transition regime from oscillating to rigid bubbles, KL 

remained constant with changing bubble diameter for either large oscillating 

bubbles or small rigid bubbles. This suggests that in discrete bubble regimes 

of rigid and oscillating bubbles, turbulence has no effect on KL. Hassan and 

Robinson (1980a; 1980b) found KL to be independent of P/V for P/V < 2000 

W.m-3 corresponding to the rigid regime. However, for P/V > 2000 W.m-3, KL 

decreased with increasing P/V in the transitional zone, being proportional to 

( ) 0.56P V − . Ho et al. (1987) likewise found no dependence of KL on P/V in the 

rigid regime.  

These authors developed semi-theoretical equations for rigid and oscillating 

bubbles based on turbulence having no effect on KL in these regimes. For 

bubbles with a rigid interface, KL is obtained by equation 2.26 (Griffith 1960; 

Alves et al. 2004):  

2 3 1 6v−∝ sl
L G

b

VK D
d L

 
(2.26) 

For bubbles with a mobile interface, KL is obtained by equation 2.27 (Alves et 

al. 2004): 
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1 3∝ sl
L G

b

VK D
d  

(2.27) 

A constant KL in each of the rigid and oscillating regimes is not, however, 

supported by Linek and Mayrhoferová (1969) and Linek et al. (1970), who 

found that KL decreased with increasing bubble size outside the transition 

zone. 

 
2.5.2. Influence of fluid properties on interfacial area and oxygen 

transfer coefficient 

The fluid properties influence the characteristics of KLa through their influence 

on the interfacial transfer area or on KL. Hydrocarbons may enhance KLa by 

increasing the gas-liquid interfacial area. Alternatively, hydrocarbon may 

decrease KLa by increasing the resistance to oxygen transfer. 

 
2.5.2.1. Influence of fluid properties on interfacial area 

The interfacial area is highly dependent on the liquid phase physicochemical 

properties. These properties define their influence on the bubble size and gas 

holdup through their influence on bubble break up and coalescence. Bubble 

break up and coalescence is a balance between the turbulent fluctuation and 

surface tension forces within a system (Calderbank 1958). 

Coalescence occurs when two bubbles collide together. At first, the liquid film 

separating them will start to thin. The rate the two bubbles come together 

depends on the fluid turbulence (Thomas 1981). The bubbles will coalesce if 

they spend enough time together and the film between them thins sufficiently 

(Chesters 1991). However, if the film drainage time is longer than the time the 

two bubbles spend together, they will separate without coalescing. Identical 

considerations are applied to drop coalescence (Calabrese et al. 1986b; 

Machon et al. 1997). 

The most popular approach to coalescence theory is by Marrucci (1969). The 

author proposed that the thinning of the film during the coalescence process 

is dependent on the rigidity of the bubble. If the bubble interface is rigid and 

immobile, the liquid must drain from between two flattened bubble faces like 
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flat plates. Compared to the surface of a mobile bubble, this drainage is a 

slow process. Thus, coalescence is more likely to occur for mobile bubbles as 

the drainage time is significantly decreased by the oscillating motion of the 

bubble surface. 

Overall, the bubble size and gas holdup is dependent on the amount of 

turbulence and more importantly, on the physicochemical properties of the 

liquid phase which controls the interface and interfacial tension gradient 

(Machon et al. 1997). 

Liquid phase physicochemical properties include surface tension and 

viscosity. Hydrocarbons change these fluid properties, and hence the bubble 

size, gas holdup and interfacial area available for transfer. The type of 

hydrocarbon plays a major role in the degree to which it affects the fluid 

properties of the dispersion (Das et al. 1985).  

Hydrocarbons have been demonstrated to decrease the surface tension. Bi et 

al. (2001) reported surface tensions of 71.4, 70.2, and 67.7mN.m-1 with 

ethanol concentrations of 1, 3 and 8 g.L-1 respectively. Likewise, surface 

tension was lowered from 73 to 66 mN.m-1 when PGME concentration was 

increased from 0 to 100 ppm (Al Taweel and Cheng 1995) and by almost two 

thirds on addition of cyclohexane to an air-aqueous system (Schäfer et al. 

2002). 

The surface active effect of the hydrocarbon is a consequence of the 

coexistence of a hydrophilic functional group (e.g. -OH; -CO-; -COOH) and a 

hydrophobic structural group. The hydrocarbon molecules orientate at the 

gas-liquid interface with the hydrophobic group directed towards the gas 

phase and the hydrophilic group towards the liquid phase. The positioning of 

the hydrophilic group around the surface of the gas bubbles results in surface 

polarization and repulsive forces which inhibit coalescence when the bubbles 

come into close contact (Panja and Phaneswara Rao 1993; Pulido-Mayoral 

and Galindo 2004). Surface charges have similarly been implicated in 

coalescence inhibition by hydrocarbons (Machon et al. 1997; Pulido-Mayoral 

and Galindo 2004).  Other mechanisms of coalescence inhibition proposed 

include spatial blocking by the oil drops between the bubbles, restricting 
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bubble movement and bubble-bubble contact (Hassan and Robinson 1977a; 

Jia et al. 1996; Jia et al. 1997; Galindo et al. 2000) and a decrease in the 

force available to rupture the film for coalescence to occur (Marrucci 1969; 

Schäfer et al. 2002).  

Increased hydrocarbon concentration has been shown experimentally to 

result in enhancement of interfacial area. Dodecane addition up to 25% (v/v) 

increased the interfacial area by approximately 15% (Rols et al. 1990). 

Zieminski et al. (1967) found increases in interfacial area of 1100% for 

alcohols, 1100% for monocarboxylic acids and 500% for dicarboxylic acids 

upon addition of additives of 90ppm, 500ppm and 50ppm, respectively. Al 

Taweel and Cheng (1995) obtained a 45-fold increase in interfacial area when 

increasing the additive concentrations of PGME (> 20ppm).  

The interfacial area relates inversely to the bubble size through the gas 

holdup, according to equation 2.25. The bubble size is determined by the 

balance of surface tension and viscous forces (Ju and Ho 1989) and, as 

hydrocarbon concentration increases, bubbles become smaller with 

decreasing surface tension (Zieminski et al. 1967; Akita and Yoshida 1974; 

Panja and Phaneswara Rao 1993; Morão et al. 1999; Schäfer et al. 2002; 

Junker 2006). Thus the surface tension has been related to the interfacial 

area through its effect on bubble size. 

The link between surface tension and bubble size has been established in a 

study using diethylene glycol and decanol whose fluid properties differ 

significantly only in their surface tension (Hu et al. 2005). Here D32 was 

considerably smaller in decanol which had a correspondingly lower surface 

tension. The correlation of decreased surface tension and reduced bubble 

size is further supported by an observed decrease in D32 due to addition of 

ethanol (Marrucci and Nicodemo 1967; Bi et al. 2001; Schäfer et al. 2002), 

propanol (Hu et al. 2005), i-propanol (Panja and Phaneswara Rao 1993), n-

hexanol (Koide et al. 1985), 2-ethyl hexanol (Das et al. 1985), n-heptanol 

(Koide et al. 1985), n-octanol (Koide et al. 1985), amyl alcohol (Panja and 

Phaneswara Rao 1993), n-diols (Keitel and Onken 1982a; Keitel and Onken 

1982b), alkanes (Rols et al. 1990), ketones (Keitel and Onken 1982a; Keitel 

and Onken 1982b), castor oil (Galindo et al. 2000), silicone oil (Morão et al. 
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1999; Dumont et al. 2006a; Dumont et al. 2006b), toluene (Das et al. 1985) 

and monocarboxylic acids (Zieminski et al. 1967; Keitel and Onken 1982a; 

Keitel and Onken 1982b).   

The magnitude of the effect of reduced surface tension on bubble size is 

marked. Keitel and Onken (1982a; 1982b) reported that addition of a variety 

of hydrocarbons, including n-alcohols (n-C1-8), n-diols (n-C2-5), ketones (C3-4, 

C7) and monocarboxylic acids (C1-3), decreased the average diameter of 4.1 

mm to 2.5 mm. Zieminski et al. (1967) and Zieminski and Whittemore (1971) 

added mono- and dicarboxylic acids and observed a decrease in average 

bubble diameter of 300% with addition of 100 ppm organic solutes. Galindo et 

al. (2000) found that in a simulated fermentation broth containing castor oil, 

bubble size decreased from 2 to 0.8 mm as the oil content was increased to 

15% (v/v). Calderbank and Moo-Young (1961) found the mean bubble size 

reduced with an increase in oil concentration up to 15% in a salt rich aqueous 

solution. Rols et al. (1990), using a photographic method, reported a 15% 

reduction in D32 when n-dodecane was added up to 25% (v/v). 

The reduction of surface tension and inhibition of bubble coalescence by 

hydrocarbons promotes gas dispersions with slower rising velocities and, 

thus, an increased gas holdup (Kawase and Moo-Young 1990; Parthasarathy 

et al. 1991). Increased gas holdup was reported with oleic acid concentrations 

(Yoshida et al. 1970). Also, addition of alcohols methanol, ethanol, butanol, 

hexanol and octanol to water also increased the gas holdup by 70 to 100% 

(Salvacion et al. 1995). Al Taweel and Cheng (1995) found gas holdup to 

increase up to 5-fold with increasing concentration of PGME. Chaumat et al. 

(2005) observed 30 to 75% greater gas holdup in cyclohexane compared with 

water. The degree to which the hydrocarbon affected gas holdup was 

dependent on its chain length. Long chain alcohols affected gas holdup 

considerably more than short chain alcohols.  

In addition to their influence on surface tension, hydrocarbons also 

significantly influence the viscosity of the dispersion, but in an opposite 

manner. As the hydrocarbon concentration is increased, so is the viscosity, 

with a correspondingly decreased interfacial area. Viscosity is also shown to 

increase with increasing chain length (Figure 2.6). 

 63



 
Figure 2.6: Viscosity of pure alkanes at 1 atm and 22 to 30˚C 

 Viswanath and Natarajan (1989),  Lide (1997),  Thorpe and 

Rodger (1984),  Bingham and Spooner (1933),  Timmermans 

(1965),  Golubev (1959),  Bingham and Fornwalt (1930),             

 Dumont et al. (2006a),  Kundu et al. (2003),  McMillian and 

Wang (1990),  Hassan and Robinson (1977a),  μL  measured 

using a Anton Paar rheometer: Physica MCR 301 

Viscosity is proposed to decrease interfacial area according to one or more of 

several mechanisms influencing break up, coalescence or formation of the 

bubbles.  Firstly, an increased viscosity decreases the turbulence in the liquid.  

This results in a reduction in the energy of the eddies, with concomitant 

damped bubble break up (Schäfer et al. 2002).  The damped bubble break up 

is likely to be exacerbated by an increased boundary layer thickness around 

the bubbles which would require eddies with high energy for penetration and 

break up to occur (Gogate et al. 2000). Secondly, increased viscosity 

enhances bubble coalescence (Khare and Joshi 1990). Thirdly, increased 

viscosity results in a slower formation of the liquid film at the point of bubble 

formation thereby trapping a larger amount of air in each bubble, and thus 

larger but fewer bubbles (O'Connor et al. 1990). 

The negative influence of viscosity on interfacial area has been demonstrated 
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experimentally through its effect on bubble size. In dispersions containing 

propanol and decanol, where decanol is more viscous than propanol but has 

a comparable surface tension, D32 was significantly larger in the decanol than 

in the propanol dispersion (Hu et al. 2005).  Similar results were demonstrated 

by these authors for viscous alcohols where the bubbles in the more viscous 

dispersions were relatively larger. Several other studies have confirmed an 

increase in average bubble size with increasing viscosity (Westerterp et al. 

1963; Calabrese et al. 1986a; O'Connor et al. 1990; Li and Prakash 1997; 

Galindo et al. 2000; Schäfer et al. 2002; Mehrnia et al. 2005). 

The interfacial area is further decreased due to a decreased gas holdup in 

viscous fluids, as a result of the formation of larger bubbles under these 

conditions. The larger bubbles pass more quickly through the reactor with 

high bubble rise velocities and low residence times (Schügerl et al. 1977; 

Machon et al. 1980; Wachi et al. 1991; Gogate et al. 2000; Mehrnia et al. 

2005). As much as a 30% decrease in gas holdup in viscous liquids has been 

attributed to these large bubbles. 

Since larger bubbles have a shorter residence time relative to smaller 

bubbles, increased viscosity may result in an increased proportion of smaller 

bubbles in the population. A positive effect of viscosity on gas holdup due to 

an increased proportion of smaller bubbles in the population (Elgozali et al. 

2002) is suggested to balance the negative effect of viscosity on gas holdup 

as a result of the generation of larger bubbles (Mehrnia et al. 2005). The 

behaviour of rising bubbles inevitably becomes restricted with increasing 

viscosity, however, due to the increase of drag force on the bubbles (Khare 

and Joshi 1990; Kim and Kang 1997), even in the case of large bubbles. 

The resultant effect of increased hydrocarbon fraction on the interfacial area 

and gas holdup of the dispersion will ultimately depend on the relative 

predominance of the influences of decreased surface tension and increased 

viscosity in the system under consideration. Studies which report a minimum 

constant bubble size, irrespective of an increase of hydrocarbon 

concentration, suggest that under the conditions of these studies, the negative 

effect of increased viscosity on interfacial area with hydrocarbon addition was 

compensated by a coincident positive effect of reduced surface tension.  A 
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minimum bubble size was observed at 3 to 4% octane in an octane-aqueous 

suspension (Lekhal et al. 1997). Keitel and Onken (1982a; 1982b) related 

specific critical concentrations to a constant bubble size for each of a wide 

variety of additives. Other authors who have found similar observations of 

critical concentrations include Albal et al. (1983) and Machon et al. (1997). 

Yamamoto et al. (1994) found the bubble size to be almost independent of 

volume fraction of PFC-43 less that 60% (v/v). This trend is also evident in the 

study of PFC-40 addition to 15% (v/v), in which no effect on the interfacial 

area was observed (McMillian and Wang 1990).  

A cancellation of these two effects is supported by the observation of a 

constant maximum gas holdup with addition of glycerol (Wachi et al. 1991), 

addition of PGME (Al Taweel and Cheng 1995), perfluorotributylamine 

(Yamamoto et al. 1994), 2-ethyl hexanol (Das et al. 1985) and toluene (Das et 

al. 1985). A maximum gas holdup was similarly observed at a liquid viscosity 

of 4 cP (Khare and Joshi 1990). However, Das et al. (1985) also noted that at 

concentrations above 10% in 2-ethyl hexanol, increasing hydrocarbon 

concentration resulted in a bubble size increase. This suggests that over a 

critical hydrocarbon concentration, the effect of increased viscosity may 

outweigh that of decreased surface tension.  

The empirical models which define the influence of P/V, N and Vs on 

interfacial area (Table 2.6) also incorporate the influence of viscosity and 

surface tension on this parameter. Calderbank (1958) first described the 

influence of the surface tension on the interfacial area by assessing the effect 

of ten different hydrocarbon-aqueous dispersions at the 5 and 100L scale. 

This model and its extensions by Sridhar and Potter (1980b) and Kawase et 

al. (1987) predict an increase in interfacial area with a decrease in surface 

tension according to 0.6σ −∝ a . Similar dependencies of interfacial area on 

surface tension, namely 0.5σ −∝ a  and , were formulated by Akita and 

Yoshida (1974) and Calderbank (1959), respectively. Al Taweel and Cheng 

(1995) observed a substantially higher dependency of interfacial area on 

surface tension with PGME, according to . 

0.33σ −∝ a

15.4σ −∝ a

The influence of viscosity on interfacial area was incorporated by Kawase et 
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al. (1987). Examination of CMC solutions showed the interfacial area to be 

inversely proportional to continuous phase viscosity according to ( )0.25
d cμ μ . 

Negative influence of viscosity on the interfacial area was also noted in by 

Calderbank (1959), Schmitz et al. (1987), Garcia-Ochoa and Gomez (2004) 

and Schumpe and Deckwer (1982) who reported ,  , 0.125
La μ−∝ 0.18

La μ−∝

0.3
La μ−∝  and , respectively.  Akita and Yoshida (1974) found a 

similar effect on kinematic viscosity on interfacial area in a bubble column, 

namely .  

0.51
La μ−∝

0.2 La −∝ v

The influence of surface tension and viscosity on bubble size and gas holdup 

is similarly incorporated into these equations (Table 2.7 and Table 2.8) such 

that a decreased surface tension is related to a smaller bubble size and 

increased gas holdup. Increased viscosity may be related to increased or 

decreased bubble size and generally a decreased gas holdup, depending on 

the system. 

 
2.5.2.2. Influence of fluid properties on oxygen transfer coefficient 

The influence of hydrocarbon on the oxygen transfer coefficient (KL) has 

invariably been found to be negative. Further, the degree to which the 

hydrocarbon decreases KL depends on the hydrocarbon type. Koide et al. 

(1985) reported a 44%, 50% and 62.5% decrease in KL upon addition of n-

hexanol, n-heptanol and n-octanol, respectively, suggesting a more marked 

effect of alcohols with a long chain length when compared with those of a 

comparatively shorter chain length. Similar results have been found by 

Raymond and Zieminski (1971) who report a KL decrease of 53.8% for n-

hexanol and 700% for n-octanol attributing the larger drop in KL to the 

increased chain length of the hydrocarbon. 

A major mechanism through which the hydrocarbon influences KL is through 

its effect on the bubble mobility. Calderbank and Moo-Young (1961) ascribed 

a steady decrease in KL with increasing oil concentration from 14 to 69.5% 

(v/v) to the adsorption of the hydrocarbon at the gas-liquid interface and 

reduced surface tension. A reduction in surface tension results in a decrease 

in the bubble surface mobility (Raymond and Zieminski 1971) and the bubble 
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behaves as a rigid sphere. Consequently internal motion is retarded and KL is 

reduced (Calderbank 1958; Garner and Haycock 1959).  

The link between reduced surface tension and decreased KL is supported 

experimentally. Linek et al. (2005) added substances that inhibit surface 

tension (ocenol, PEG, CMC, TS.20) and observed a reduction in KL of up to 

80%. Yagi and Yoshida (1975) also observed a decreased KL on the addition 

of 0.1% of surfactant. Further, a decrease in KL has been observed on the 

addition of antifoam agents such as silicone oil and soybean oil (Morão et al. 

1999).  

In addition to the surfactant effect of the hydrocarbon, the increased viscosity 

also impacts negatively on KL. Several studies suggest that the comparatively 

more viscous nature of the hydrocarbon increases the liquid phase’s 

resistance to transfer (Yagi and Yoshida 1974; van der Meer et al. 1992; 

Gogate et al. 2000; Vasconcelos et al. 2003; Garcia-Ochoa and Gomez 2005; 

Linek et al. 2005). This may be due to the decrease in internal recirculation of 

bubbles or depression of the diffusivity of dissolved gas in the liquid. 

The oxygen transfer coefficient has been shown to be highly dependent on 

the liquid phase diffusion coefficient. This relationship has been found for a 

wide variety of process conditions and additives for both rigid (equation 2.28) 

and oscillating bubbles (equation 2.29).  

2 3
L LK = D  (2.28) 

1 2
L LK = D  (2.29) 

Equation 2.28 was found applicable for rigid bubbles in both single and mixed 

electrolyte solutions (Ho et al. 1987; Alves et al. 2004), and hydrocarbon-

aqueous (Calderbank and Moo-Young 1961) and CMC-aqueous suspensions 

(Kawase and Moo-Young 1992). Similarly, equation 2.29 for oscillating 

bubbles has been found true for hydrocarbons (Calderbank and Moo-Young 

1961; Akita and Yoshida 1974; Sun and Furusaki 1988; Panja and 

Phaneswara Rao 1993; Garcia-Ochoa and Gomez 2005), electrolyte 

(Calderbank 1959; Alves et al. 2004; Linek et al. 2004; Linek et al. 2005) and 
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aqueous solutions (Lamont and Scott 1970; Prasher and Wills 1973; Kawase 

et al. 1987; Kawase and Moo-Young 1992; Kawase et al. 1992a). 

 
2.6. Prediction of the overall volumetric oxygen transfer 

coefficient and oxygen transfer rate in hydrocarbon-
aqueous dispersions 

Prediction of KLa in hydrocarbon-aqueous dispersions is complicated. In 

addition to the fluid turbulence, the physicochemical properties of the 

hydrocarbon-aqueous dispersion, defined mostly by the hydrocarbon 

concentration and its molecular structure and chain length, strongly influence 

the behaviour of KLa. The difficulty of  defining a predictive model for KLa is 

exacerbated by the complex interactions between the hydrocarbon and the 

operating variables, particularly agitation rate, which may result in different 

KLa trends over similar hydrocarbon concentration ranges and comparable 

hydrocarbon types. 

KLa prediction in hydrocarbon-aqueous dispersions has been restricted 

almost exclusively to empirical correlations (Table 2.10 and Table 2.11). KLa 

in these systems, in common with KLa behaviour in aqueous systems, exhibits 

a dependence on the turbulence generated by agitation and aeration, the fluid 

properties of the aqueous phase and the geometric constraints. Accordingly, 

the conventional generalised empirical correlations for nonviscous aqueous 

solutions, equations 2.22 and 2.23, which relate KLa to superficial gas velocity 

and power per unit volume (or agitation rate), have frequently been used as a 

basis for the development of the more complex empirical correlations 

proposed for hydrocarbon-aqueous dispersions by additionally accounting for 

the influences of the physical properties of a second immiscible phase.  These 

adaptations usually comprise either incorporation of a term or terms relating to 

the hydrocarbon fraction or the physical properties of the dispersion (Table 

2.10).

An empirical correlation to predict the observed behaviour of KLa at discrete 

n-hexadecane concentrations up to 33% in a hydrocarbon-aqueous 

dispersion incorporated a term containing the alkane concentration (Nielsen et  
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Table 2.10: Empirical correlations for the prediction of KLa

System Liquid phase(s) Equation Reference 

( ) ( )-2 0.115 3 46.9 1 3
L sGW

K a 1.75x10 0.8 10 NVe x eφ φ− −= −  STR; N = 240 – 570; Vs = 
0.2 – 0.8 cm.s-1

Aqueous n-C  solution10-21

( ) ( )L LOW GW

WO

1K a K a
11 H

1φ

=
⎛ ⎞

+ ⎜ ⎟−⎝ ⎠

 

Matsumura et al. 
(1972) 

STR; 2 6-blade turbines; Dt 
= 17.6 cm; VL = 4L; N = 600 
rpm; Q = 0.5 vvm 

Xanthan solution/ vegetable 
oil ( ) ( )0.36 0.59 0.26

L s WGO
K a H P V V Xnφ −∝ Zhao et al. (1999)

STR; 2 6-blade Rushton 
turbines; 4 baffles; Dt = 11 
cm; V = 1L; N = 200 – 800 
rpm; Q = 0.5 – 2 vvm 

n-Hexadecane/ nutrient 
medium ( ) ( )0.31 1.70.7

L sK a 650 P V V 1 φ= − Nielsen et al. (2003)

STR; 2 4-blade turbines; 3 
baffles; Dt = 17.5 cm; V = 
4L; N = 0 – 700 rpm; Vs = 0 
– 0.5 cm.s-1

n-Dodecane/ simulated 
broths (CMC/ sodium salt 
solution)

( )1.54 2.30
s3

L 3.78

P V V
K a 5.6 10

a

x
φ

μ
−
⎡ ⎤
⎢ ⎥=
⎢ ⎥⎣ ⎦

Galaction et al. 
(2004), Cascaval et 
al. (2006)

STR; 2 4-blade turbines; 3 
baffles; Dt = 17.5 cm; V = 
4L; N = 0 – 700 rpm Vs = 0 – 
0.5 cm.s-1

n-Dodecane/ 
Propionibacterium shermanii 
broths ( )

0.97
s

L 0.40 1.22
x

VK a 0.714
P V C

φ
⎡ ⎤
⎢ ⎥=
⎢ ⎥⎣ ⎦

Cascaval et al. 
(2006)
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 n-Dodecane/ Saccharomyces 
cerevisiae broths ( )2.74 0.75

s2
L 0.03

x

P V V
K a 6.72 10

C
x

φ

−
⎡ ⎤
⎢ ⎥=
⎢ ⎥⎣ ⎦

 

N = 325 – 1200 rpm CO  and propene in toluene/ 
water; acetylene in 
sulphur(s)/ water

2

( )
( )

( )
( )

( ) ( ) ( )
( ) ( ) ( )

1 41 2
L L0L L

L L0 0 L L 0 0

K a D

K a D
φ φφ φ φ

φ φ φ φ φ

μ ρ ε

μ ρ ε
=

= = = =

⎡ ⎤⎡ ⎤
⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎣ ⎦ ⎢ ⎥⎣ ⎦

Zhang et al. (2006) 

 

 71 



Table 2.11: Empirical correlations for the prediction of K a (derived from dimensionless analysis)L

System Liquid phase(s) Equation Reference 

Bubble column; 
Dt = 15.2 – 60 
cm; Vs = 3 – 40 
cm.s-1

Aqueous 
dispersions: glycol, 
methanol, CCl4, 
NaCl, Na2SO3

2 0.5 0.310.622 2 3
1.1

20.6L t t L t LL
G

L L L L

K aD D D
D D

ρ ρμ ε
ρ σ μ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞
=⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠ ⎝ ⎠ ⎝ ⎠

g g
 

Akita and 
Yoshida 
(1973) 

STR; 1 6-blade 
turbine; 4 baffles; 
Dt = 25 cm; N = 
300 – 600 rpm; 
Vs = 0.381 cm.s-1

Aqueous 
dispersions: 
glycerol, millet-
jelly, polyacrylate 
(PANa), CMC 

( )
0.321.5 0.50.19 0.62 2 2 0.070.50.06 1 2L sL i i L i L i

L L L L s

VK aD D N DN ND N
D D V

μρ μ λ
μ ρ σ

−⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎡ ⎤= +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎣ ⎦⎝ ⎠⎝ ⎠⎝ ⎠ ⎝ ⎠ ⎝ ⎠g
 

Yagi and 
Yoshida 
(1975) 

Bubble column; 
Dt = 14.55 cm; Vs 
= 2.78 cm.s-1

Aqueous 
dispersions: 
sucrose, CMC, 
sodium 
polyacrylate 

11.0'0.5 0.39 0.753 2

32

0.09 1L t t t L sL B
2

L L L t

K aD D D V V
D D DD

β
ρ λα

σ

−
⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞
⎜ ⎟= +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠

g gv
v g

 

Nakanoh and 
Yoshida  
(1980) 

Bubble column; 
Dt = 10 & 19 cm; 
Vs = 4.2 - 38 
cm.s-1

Aqueous 
dispersions: 
sucrose, methanol, 
n-butanol 

0.248 0.243 0.6041.76 4

314.9L s s L GL L

L L L L

K aV V
D

μ μμ μ
σ ρ σ μ ρ

− −
⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞= ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠

g
g

 
Hikita et al. 
(1981) 

STR; 4 baffles; V 
= 2L; N = 100 – 
1300 rpm 

Aqueous 
dispersions: 
glycerine, CMC, 
triton CF-32-Glass 
beads 

0.5 0.67 1.292 2 2 3
31.41 10L i L i L L i

L L L L

K aD N N D
D D

μ ρ ρ
ρ μ σ

− ⎛ ⎞ ⎛ ⎞ ⎛ ⎞
= ⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠ ⎝ ⎠

Dx  
Albal et al. 
(1983) 
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Bubble column; 
Dt = 10, 14, 21.8 
& 30 cm; Vs = 
0.98 – 15.6 cm.s-1

Aqueous 
dispersions: 
glycerol, glycol, 
BaCl2, Na2SO4

0.09050.5 0.1363
1.262.25L L L N
G4

L L L L L t

K a
D D D

σ μ ρ σ δ ε
ρ ρ μ

−
⎛ ⎞⎛ ⎞ ⎛ ⎞

= ⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠g g

 
Koide et al. 
(1983) 

Bubble column; 
Dt = 23 & 76 cm; 
V = 40 & 1000L 

Aqueous 
dispersions: CMC; 
carbopol 

( )
( )
( )

2 11 421 2 3 52 1 2 39 1 22 1
1 3

1

112 1.07L t L t t s s t L

L L s L t

K aD D D V V DC
D D V D

ρ ρ
ρ σπ

−+
− − ++

−

⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞
= ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠⎝ ⎠ ⎝ ⎠

nn
n n n nn

n

k gn
k g

 

Kawase et al. 
(1987) 

Bubble column; 
Dt = 14, 21.8 & 
30 cm 

Aqueous 
dispersions: 
methanol, ethanol, 
butanol, hexanol, 
octanol- Calcium 
alginate gel 
particles, 
polystyrene 
particles 

0.5 0.159 1 20.18424
1.3 1

3

1

12.9 0.47 0.53exp 41.4

1 0.62

 

3        
4

      

t L b sl LL L
G

L L L sl L
L

L L S L

a
a

sl b

a

D d V
D VK a

D
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C

V d
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ρ ρε
ρ σ σ μ μσ

ρ ε

σ
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∞

∞

⎡ ⎤⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞ ∏⎢ ⎥⎜ ⎟+ −⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟

Salvacion et 
al. (1995) 
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dispersion incorporated a term containing the alkane concentration (Nielsen et 

al. 2003). In this study, KLa was maximal at the lowest alkane concentration 

and decreased consecutively at each subsequent concentration examined. 

Consequently, his correlation is limited to use where the influence of the 

hydrocarbon is negative over the entire range of hydrocarbon concentrations. 

Galaction et al. (2004) and Cascaval et al. (2006) incorporated the influence 

of viscosity into the empirical correlation, predicting a decrease in KLa with 

increased viscosity of a n-dodecane-aqueous dispersion. However, the 

viscosity of the dispersion was varied through a change in the viscosity of the 

aqueous phase, either by increasing the concentration of CMC in sodium salt 

solutions (Galaction et al. 2004; Cascaval et al. 2006), or by increasing 

bacterial or yeast biomass in Propionibacterium shermanii or Saccharomyces 

cerevisiae broths (Cascaval et al. 2006). Consequently, these correlations 

have a unique set of empirical constants which apply only to a specified, 

constant n-dodecane fraction and, therefore, are not useful in predicting the 

influence of hydrocarbon on KLa behaviour.

Zhao et al. (1999) similarly developed an empirical correlation which 

described the behaviour of KLa in a vegetable oil-aqueous dispersion where 

the properties of the aqueous phase was varied, here by altering the 

concentration of xanthan gum in the aqueous phase.  In this study, though, 

both the influence of the change in the properties of the aqueous phase as 

well as the change in oil fraction was assessed. The predicted decrease in 

KLa with increased xanthan gum concentration and increased oil fraction, 

described their data. This correlation will, as with that proposed by Nielsen et 

al. (2003), be limited to use where the influence of the hydrocarbon is 

negative over the entire range of hydrocarbon concentrations. Further, since 

this correlation was developed from data obtained in a system where oil 

comprised the continuous phase, its validity in hydrocarbon-aqueous 

dispersions, where the hydrocarbon is the dispersed phase, remains 

questionable. 

Empirical correlations which predict an increased KLa on hydrocarbon addition 

have also been developed in terms of the ratio of KLa in the presence of 

hydrocarbon relative to that without hydrocarbon (Zhang et al. 2006). 
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Although these authors validated their model with data from CO2 and propene 

absorption in a toluene-aqueous dispersion, and absorption of  acetylene in a 

sulphur-water suspension, Dumont et al. (2006b) have suggested it’s 

applicability to enhanced oxygen absorption  in the presence of hydrocarbon 

droplets.  

These correlations have all assumed that oxygen transfer in a hydrocarbon-

aqueous dispersion can be represented by a single rate-limiting KLa. In an 

aqueous solution, where the oxygen transport takes place directly from the 

gas to the aqueous phase and the major resistance to oxygen transfer is 

considered to reside in the stagnant aqueous layer at the gas-liquid interface, 

this is generally held to be reasonable. However, in a system containing gas 

bubbles and hydrocarbon droplets, oxygen transport from the gas to the 

aqueous phase may take place by one of several mechanisms, and the 

assumption of a single rate-limiting KLa may not be valid.  

An important consideration in ascertaining the most likely oxygen transport 

mechanism is the adsorption of hydrocarbon droplets to the bubble surface, 

and whether the hydrocarbon adsorbs as beads or forms a continuous film 

around the surface. This will depend on the relative gas bubble and 

hydrocarbon droplet sizes as well as the intensity of turbulence. Generally the 

average bubble diameters are approximately two orders of magnitude larger 

than that of the hydrocarbon droplets, suggesting that in the case of a 

continuous hydrocarbon film, a large number of hydrocarbon droplets 

coalesce and spread around the gas bubble (Rols et al. 1990; Rols and Goma 

1991). Hydrodynamic instabilities can lead to the disruption or removal of this 

superficial hydrocarbon film (Rols et al. 1990; Galaction et al. 2004; Cascaval 

et al. 2006). Oil has also been observed to trap air bubbles under conditions 

of particularly low agitation rates of 300 to 700 rpm (Galindo et al. 2000). A 

similar phenomenon occurred when oil droplets were found in aqueous drops 

when the aqueous phase was dispersed in oil (Pacek and Nienow 1995a). 

For beading hydrocarbons, the pathway from gas to water may occur in series 

with no direct gas to hydrocarbon transfer taking place (Matsumura et al. 

1972; Hassan and Robinson 1977a; Rols and Goma 1989). For spreading 

hydrocarbons, on the other hand, direct gas to hydrocarbon contact is likely to 
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occur. Linek and Benes (1976) and Das et al. (1985) suggest, however, that 

transfer takes place from the gas bubble into the aqueous and hydrocarbon 

phases in both spreading and beading hydrocarbons. 

Matsumura et al. (1972) developed correlations to predict interphasic KLa in a 

dispersion containing discrete gas bubbles and hydrocarbon droplets for 

transport through the aqueous film surrounding the gas bubbles (KLaGW) and 

the aqueous film surrounding the hydrocarbon droplets (KLaOW). These 

correlations predicted increased KLa values with n-C14-18 alkane addition up to 

10%, the maximum concentration examined, to within 15% of their 

experimental data. 

Interphasic KLa was also considered by Rols and Goma (1989) and Rols et al. 

(1990) who proposed several possible alternate mechanisms for oxygen 

transport. They present the most probable scenario as that in which the 

hydrocarbon is adsorbed onto the bubble surface and oxygen transport takes 

place from the gas to the aqueous phase via the hydrocarbon, either directly 

to an organism adsorbed on the hydrocarbon droplet, or indirectly through the 

aqueous phase. Roles et al. (1990) measured the resistances to oxygen 

transfer between the gas, hydrocarbon and water phases for n-dodecane and 

forane F66E and report transfer coefficients as (KL)GO = 1.29 (KL)GW; (KL)OW = 

0.97 (KL)GW for n-dodecane and (KL)GO = 2.02 (KL)GW; (KL)OW = 0.95 (KL)GW for 

forane F66E. These results suggest that the main resistance to oxygen 

transfer is located in the aqueous boundary layer at the hydrocarbon-aqueous 

interface. 

Empirical correlations for KLa prediction have also been obtained by 

dimensional analysis (Table 2.11). Here the physical properties of the gas and 

liquid, which could conceivably influence KLa, namely surface tension, 

viscosity, diffusivity and density, were considered in the development of the 

correlations. These have found application mainly in viscous aqueous 

solutions or dispersions of polymers or short chain hydrocarbons such as 

carboxymethyl cellulose (Nakanoh and Yoshida 1980; Albal et al. 1983; 

Kawase et al. 1987), Na-polyacrylate (Nakanoh and Yoshida 1980), Ca-

alginate glycol (Salvacion et al. 1995), glycerine (Albal et al. 1983), glycol 

(Akita and Yoshida 1973; Koide et al. 1983), glycerol (Koide et al. 1983); 
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carbopol (Kawase et al. 1987), methanol (Akita and Yoshida 1973; Hikita et 

al. 1981; Salvacion et al. 1995), butanol (Hikita et al. 1981; Salvacion et al. 

1995) and ethanol, hexanol and octanol (Salvacion et al. 1995). These 

correlations invariably predict an improvement in KLa with decreased surface 

tension and viscosity. Dimensional analysis has been shown to be a feasible 

option for the incorporation of the effect of the physical properties conferred 

the hydrocarbon and has potential for extension into KLa prediction in 

hydrocarbon-aqueous dispersions of longer chain hydrocarbons. 

 
2.7. Hypotheses 

In hydrocarbon-aqueous dispersions, the hydrocarbon impacts markedly on 

KLa, but in widely differing manners depending on the hydrocarbon type and 

concentration, the process conditions and the geometric constraints under 

consideration. This gives rise to three distinct KLa behavioural trends which 

have been classified as type 1 behaviour (KLa increase to a maximum, with 

subsequent decrease), type 2 behaviour (KLa increase to a maximum with no 

decrease) and type 3 behaviour (no increase in KLa or KLa decrease).  

The KLa trends in hydrocarbon-aqueous dispersions are shaped by the 

pressures imposed by fluid turbulence (reactor geometry and operating 

parameters) and physicochemical properties of the dispersion (type and 

concentration of the hydrocarbon). The KLa behaviour is further complicated 

by the interactions between the pressures imposed by the turbulence and fluid 

properties, which may result in different KLa trends under similar conditions of 

agitation and system geometry, or over similar hydrocarbon concentration 

ranges and comparable hydrocarbon types. It is likely that these parameters 

do not act independently, but that multiple causative factors relate to KLa 

behaviour and further, that the predominance of each of these factors varies, 

depending on the prevailing process conditions. 

This literature study provides motivation for a fundamental conceptual 

understanding of the mechanisms which define the exact behaviour of KLa in 

response to changes in turbulence and fluid properties, and the quantification 

of this behaviour in terms of the parameters which underpin the response. It is 

envisaged that through extension of a conceptual knowledge of the 
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parameters which are directly responsible for the behaviour of KLa in 

hydrocarbon-aqueous dispersions, criteria for optimal oxygen transfer in 

hydrocarbon-based bioprocesses may be predicted. In light of the above, the 

following hypotheses were examined in this study: 

 
i. The KLa values determined by the gassing out and pressure step 

methods yield the same results over the entire range of agitation and 
alkane concentrations in an alkane-aqueous dispersion. 

The gassing out method has been used extensively to determine KLa for 

the past five decades and is arguably the most common method for KLa 

determination in hydrocarbon-aqueous dispersions. Hydrocarbon systems 

in which the gassing out method has been used include: ethanol, n-

heptane, n-octane, n-decane, n-dodecane and n-hexadecane among 

others.  

Recently, the pressure step method has been developed in water and in 

electrolyte-aqueous systems to address issues of nonideal mixing of the 

gas dispersion as experienced with the gassing out method. To date, the 

pressure step method has not been used in a hydrocarbon-aqueous 

dispersion and its efficiency in these systems has not yet been assessed. 

 
ii. The behaviour of KLa in alkane-aqueous dispersions is shaped by the 

pressure imposed by turbulence and fluid properties through its 
influence on the interfacial area. 

KLa behaviour in hydrocarbon-aqueous dispersions has been extensively 

documented in a wide range of reactor configurations and hydrocarbon 

types and concentrations and three distinct trends in KLa behaviour have 

been distilled from literature data. However, little is known regarding the 

parameters which underpin the different behavioural trends of KLa in these 

systems. In view of the critical role of the gas-liquid interfacial area in KLa 

behaviour in aqueous solutions, it is likely to also be a major parameter 

influencing KLa in alkane-aqueous dispersions, where both agitation and 

alkane properties are expected to play a role in the magnitude of its 
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influence. To date, gas-liquid interfacial area has not been correlated with 

KLa in hydrocarbon based systems. 

 
iii. Bioprocesses which utilize alkane substrates are oxygen limited in 

regimes of depressed KLa. 

The oxygen transfer rate depends directly on the relative magnitudes of 

the KLa and oxygen solubility, the latter being dependent on the alkane 

concentration, and the former on both the agitation and alkane 

concentration. If, under conditions of depressed KLa the elevated oxygen 

solubility does not compensate for the increased requirement for oxygen 

transfer, a suboptimal oxygen transfer rate will ensue. A decline in the 

OTR in hydrocarbon-aqueous dispersions, despite increased oxygen 

solubility in the hydrocarbon, has not yet been considered in the literature. 
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3. Materials, methodology and analyses 

3.1. Alkane composition and properties 

The alkane used for experiments throughout this dissertation was an alkane 

cut, n-C10-13 obtained from SASOL Ltd., South Africa. The n-C10-13 comprised 

roughly 10% n-C10, 30% n-C11, 30% n-C12 and 30% n-C13 alkane (Table 3.1). 

The alkane composition was analyzed by gas chromatography. Details are 

given in Appendix I. 

Table 3.1: Composition of n-alkane cut: n-C10-13

n-C10-13

n-C10 10.27% 

n-C11 29.33% 

n-C12 30.01% 

n-C13 30.39% 

 

Use of alkanes from n-C10 to n-C13 may present a hazardous working 

environment due to certain of the physical properties. These physical 

properties include flash points and auto-ignition temperatures (Table 3.2). The 

temperatures used in these experiments were at a maximum of 30˚C, which is 

well below the flash point or auto-ignition temperatures. Since, the bioreactor 

was sparged with air, the ignition potential was considered. Only a 0.6% 

concentration in dry air is needed for explosion. The vapour pressures are 

about 0.1% of atmospheric pressure (101.3 kPa). Therefore, it was important 

to ensure that any alkane vapour present was sufficiently diluted. To ensure 

this, the gas outlet of the bioreactor was first passed through a condenser and 

then ventilated to the atmosphere through an extractor.  

A number of physical properties of n-C10 to n-C13 alkanes were used in the 

calculation of  and KLC La via the gassing out and pressure step methods. 

These properties are listed in Table 3.3. 
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Table 3.2: Safety material limits for alkane cut: n-C10-13

Alkane n-C10-13

Flash point [˚C] 65 1 

75 2

aiT   [˚C] 200 to 240 1

Explosion Limit 0.6 to 6.5% 1

vP   [kPa] <7 [37.8˚C] 2

<1 [20˚C]  1

1: Fred Holmberg & Co. (2004), 2: Sasol Wax (2005) 
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Table 3.3: Physical properties of n-alkanes 

Alkane Water n-Decane  
(n-C10) 

n-Undecane   
(n-C11) 

n-Dodecane  
(n-C12) 

n-Tridecane    
(n-C13) 

n-C10-13

Molecular weight 18.016 142.28 156.30 170.33 184.35  

mT  [˚C] 0 1, 2 -27.9 4

-26.65 2, 6

-29.7 1, 3, 5

-25.6 2, 3, 4, 5 -9.6 2, 3, 4, 5, 7 -5 4, 7

-5.35 2

-5.402 5

-6.2 3

-24 15

bT  
[˚C] 100 1, 2, 8, 9 173.8 1, 10

174.1 2, 3, 4, 5, 6, 11
194.5 3

195.55 10

196 2, 4, 5, 11

214.5 3

215.46 10

216.2 4, 7

216.35 2, 11

234 3, 4, 7

234.62 10

235.45 2, 4, 11

180 to 235 16

cT   [K] 647.13 3, 47

647.3 1, 2, 12
616.1 10

617.55 5, 11, 13

617.7 2, 3

619 1

638.73 3, 2, 5,  11, 13

640.1 10
658 3

658.3 2, 13, 5, 11 

659.5 10

675 3

675.8 13

676.2 2, 11

678.4 10

 

cP   [Pa] 21.94x106 3

22.05x106 12  
22.12x106 1, 2

2.1x106 1, 2, 3, 10, 13 1.95x106 3

1.97x106 2, 10, 13
1.8x106 3, 2, 10, 13 1.68x106 3

1.72x106 2, 10, 13
 

cV   [m3.kmol-1] 0.056 3, 12, 47

0.0571 2
0.601 2, 3, 10 0.66 2, 3, 10 0.713 2  

0.718 3, 10
0.78 2, 3, 10  

cZ   0.228 3, 12

0.235 2
0.245 2, 3, 10 0.242 2, 3, 10 0.239 2, 3, 10 0.233 3

0.24 2, 10
 

ω   0.343 3, 2, 12 0.489 2, 3, 11, 13 0.53 3, 11

0.535 2, 13
0.571 11

0.575 2, 3, 13
0.61 11

0.617 2, 3, 13
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vP   [Pa] 2645.5 [22˚C] 3

3159.7 [25˚C] 8, 9
146.6 [22˚C] 3

 
44 [22˚C] 3 13.9 [22˚C] 3 4.3 [22˚C] 3  

H  [Pa.m3.mol-1] 7.48x104 [25˚C] 49 

7.69x104 [25˚C] 50 

8.0108x104 [30˚C] 48

8.4556x104 [30˚C] 14

0.6558x104 0.2476x104

 
1.0386x104 [30˚C] 14   

OWS
  

[mN.m-1] N/A   -4.9 [20˚C] 22

-2.7 [25˚C] 9, 17

0.6 [25˚C] 20, 21 

-2.6 [30˚C] 14, 18,  19

-7.2 [20˚C] 22  

γGW

  

[mN.m-1] 72.75 [20˚C] 22  
72 [25˚C] 8, 20, 23

71.3 [30˚C] 14

N/A N/A N/A N/A  

γOW

  

[mN.m-1] N/A   52.4 [20˚C] 22  
46.8 [25˚C] 20, 21  
49.3 [25˚C] 9  
32.9 [30˚C] 19

49.3 [30˚C] 14

53.3 [20˚C] 22  

γGO   [mN.m-1] N/A   25.3 [20˚C] 22  
25.4 [25˚C] 9

24.6 [30˚C] 20

25.4 [30˚C] 14

26.6 [20˚C] 22  

Specific gravity 1 0.73 1, 6 0.741 3 0.751 3, 7 0.75 7 

0.757 3
0.75 [20˚C] 16
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LC   [mg.l-1] 41.6 [22˚C] 24, 25

37.44 [30˚C] 34, 35
363 [10˚C] 28

358 [25˚C] 29  
302 [25˚C] 26

361 [25˚C] 28 

316 [30˚C] 27

359 [40˚C] 28

276 [25˚C] 26

344 [25˚C] 29 

349 [30˚C] 27

260 [25˚C] 26

324 [25˚C] 29 

305 [30˚C] 27

54.9 [35˚C] 19, 20, 21, 30, 31, 32

234 [25˚C] 26

300 [25˚C] 29  
283 [30˚C] 27

 

 

ρL  [kg.m-3] 998 [20˚C] 1, 33

997.77 [22˚C] 3

1000 [25˚C] 8, 9

996 [30˚C] 14, 34, 35

729.87 [20˚C] 5

746.7 [20˚C] 37

726.94 [22˚C] 38  
728.8 [22˚C] 3, 36 

726.08 [25˚C] 5

 

738.61 [22˚C] 3, 38

739.16 [22˚C] 5  
747.95 [22˚C] 36

748.6 [20˚C] 21, 30, 31, 32, 37

750 [20˚C] 21, 30, 31, 32

746.34 [22˚C] 38  
747.2 [22˚C] 3

750 [25˚C] 20

740 [25˚C] 9, 17

743 [30˚C] 14, 19

754.34 [22˚C] 38 
755.77 [22˚C] 3

 

 

μL  [mPa.s] 1.01 [20˚C] 33 

0.85442 [22˚C] 39 

0.955 [22˚C] 41

0.9616 [22˚C] 40

0.9673 [25˚C] * 
1.0 [25˚C] 8

0.8 cP [30˚C] 14, 34, 35

0.92 [20˚C] 4

0.932 [20˚C] 37

0.8739 [22˚C] 42

0.8791 [22˚C] 40

0.8864 [22˚C] 36

0.912 [22˚C] 38

0.84 [25˚C] 51 

0.8803 [25˚C] * 

1.185 [20˚C] 5

1.1336 [22˚C] 42

1.1442 [22˚C] 43

1.1469 [22˚C] 40

1.154 [22˚C] 38

1.1 [25˚C] 51

1.12 [25˚C] * 

1.526 [20˚C] 37 

1.4329 [22˚C] 38

1.4476 [22˚C] 42

1.4588 [22˚C] 40

1.3 [25˚C] 17

1.35 [25˚C] 9

1.38 [25˚C] 51

1.4434 [25˚C] * 

1.8834 [20˚C] 5

1.793 [22˚C] 38

1.8278 [22˚C] 40

1.8178 [22˚C] 43

1.6041 [25˚C] * 
1.72 [25˚C] 51

1 [40˚C] 15

1.375 [25˚C] * 

σ   [mN.m-1] 72.8 [20˚C] 33

71.99 [25˚C] 45

72.28 [25˚C] 44  
71.2 [30˚C] 34, 35

23.83 [20˚C] 5, 37

23.646 [22˚C] 5

23.37 [25˚C] 45 

22.91 [30˚C] 5

24.479 [22˚C] 5  
24.21 [25˚C] 45

 

25.41 [20˚C] 37

25.175 [22˚C] 5  
24.6 [25˚C] 20, 21

24.6 [30˚C] 19

25.813 [22˚C] 5  
25.55 [25˚C] 45
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Do  [m2.s-1] 2.11x10-9 [20˚C] 35

2.2x10-9 [20˚C] 47

2.1x10-9 [22˚C] 24, 25 

2.5x10-9 [25˚C] 3, 47

1.31x10-9 [25˚C] 47  0.8x10-9 [25˚C] 47 

3x10-9 [25˚C] 9
  

Dn  [m2.s-1] 1.77x10-9 [20˚C] 35      

mo  [kmol.m-3.Pa-1] 13.8x10-9 [20˚C] 35      

mn  [kmol.m-3.Pa-1] 6.82x10-9 [20˚C] 35      

Flash point   [˚C]  46 4 60 4 71 4, 7, 46 102 4, 7  

Exposure limits  0.78 – 2.6% 6  
0.8 – 5.4% 4

 < 0.6% 7, 46   

aiT   [˚C]  210 4  205 4, 7, 46   

dm   [debyes] 1.8 2 0 2 0 2 0 2   

Superscripts: 1: Felder and Rousseau (2000), 2: Reid et al. (1987), 3: Perry and Green (1997), 4: Wikipedia® (2007), 5: Timmermans (1965), 6: 

GPSA (1972), 7: Williams (2005), 8: McMillian and Wang (1987), 9: McMillian and Wang (1990), 10: Simmrock et al. (1986), 11: Mehrotra (1991), 12: 

Walas (1985), 13: Stryjek and Vera (1986), 14: Hassan and Robinson (1977a), 15: Fred Holmberg & Co. (2004), 16: Sasol Wax (2005), 17: Dumont et 

al. (2006a), 18: Wong and Shiuan (1986), 19: Jia et al. (1997), 20: Rols et al. (1990), 21: Jianlong (2000a), 22: Freitas and Quina (2000), 23: Koide et 

al. (1985), 24: Ju and Ho (1989), 25: Zhao et al. (1999), 26: Makranczy et al. (1976), 27: Blanc and Batiste (1970), 28: Wilcock et al. (1978), 29: 

Hesse et al. (1996), 30: da Silva et al. (2006a), 31: Cascaval et al. (2006), 32: Galaction et al. (2004), 33: Fujasová et al. (2007), 34: Yoshida et al. 

(1970), 35: Linek et al. (1976), 36: Lemmon et al. (2002), 37: Kundu et al. (2003), 38: Wu et al. (1998), 39: IAPWS (1997), 40: Viswanath and 

Natarajan (1989), 41: Thorpe and Rodger (1894), 42: Bingham and Fornwalt (1930), 43: Golubev (1959), 44: Hu et al. (2005), 45: Jasper (1972), 46: 

Physchem (2007), 47: Riazi and Daubert (1980), 48: Nielsen et al. (2002), 49: Potucek and Stejskal (1997), 50: Smith et al. (2001), 51: Lide (1997) 

* μL  measured using an Anton Paar rheometer: Physica MCR 301 
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3.2. Experimental bioreactor system 

Experimental work was conducted in a bench-scale 7.5 litre bioreactor (New 

Brunswick Bio Flo 110) with four equally spaced baffles and a rounded bottom 

(Figure 3.1). Agitation was provided by two identical, six-flat-bladed Rushton 

turbines. The impeller shaft was driven by a variable speed electric motor 

(C32-E-450X Magmotor Corporation). A working volume of 5 litres was used 

to provide the specific geometry shown (Figure 3.1). The geometry setup 

illustrated is specified with the following configurations: Ht = 22 cm, Dt = 18 

cm, Di = 1/3Dt, Si = 10 cm and Hi = 5 cm. 

  
Figure 3.1: Geometry of experimental system 

Aeration at 0.8 vvm was provided by means of a ring sparger situated directly 

below the lower Rushton turbine. Incoming air was filtered using a filter pore 

size of 20μm. Nitrogen (> 99.5% purity) was obtained from Fluka.  
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The experiments were conducted in an immiscible alkane-aqueous dispersion 

at discrete alkane concentrations of 0, 2.5, 5, 10, 20% (v/v), each at agitation 

rates of 600, 800, 1000 and 1200 rpm. Distilled water was used for all 

experiments. Temperature was maintained at 22˚C± 0.1. As temperature has 

a marked influence on the saturation oxygen concentration, temperatures for 

all experiments were kept within a 0.1˚C range by means of a heating jacket 

and coiling coils. A detailed description of the piping and instrumentation for 

the bioreactor is given in Appendix II (Figure A.1). 

An experimental design was established to measure KLa and relate it to the 

interfacial area per unit volume. A summary of the experimental design and 

the response variables is given in Table 3.4. 

Table 3.4: Experimental design and response variables 

Response 
variable 

Measurement technique Experimental runs 

Gassing out method 5 runs per process condition 

Agitation rate 600, 800, 1000 and 1200 rpm 

KLa 

Alkane concentration 0, 2.5, 5, 10 and 20% (v/v) 

Pressure step method 2 runs per process condition 

Agitation rate 600, 800, 1000 and 1200 rpm 

KLa 

Alkane concentration 0, 2.5, 5, 10 and 20% (v/v) 

Image analysis 600 bubbles per process condition 

Agitation rate 600, 800, 1000 and 1200 rpm 

D32

Alkane concentration 2.5, 5, 10 and 20% (v/v) 

Dispersion height technique 3 runs per process condition 

Agitation rate 600, 800, 1000 and 1200 rpm 

Gas holdup 

Alkane concentration 0, 2.5, 5, 10 and 20% (v/v) 

Image analysis 600 bubbles per process condition 

Agitation rate 600, 800, 1000 and 1200 rpm 

Sphericity 

Alkane concentration 2.5, 5, 10 and 20% (v/v) 

 
3.3. Measurement of saturation oxygen concentration in 

alkane-aqueous dispersions 

The oxygen solubility in water is calculated via Henry’s law for sparingly 

soluble gases (Ju and Ho 1989; Ho et al. 1990) according to equation 3.1. In 

systems exhibiting perfect mixing typically found in laboratory scale 
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bioreactors, the oxygen partial pressure is generally assumed to be that of the 

exhaust gas. 

o L,satp C= H (3.1) 

where: op Partial pressure of oxygen=  
H Henry's law constant=  

For compounds other than water, experimentally determined solubilities have 

been reported in literature for over 100 years (Reid et al. 1987). The oxygen 

solubility in hydrocarbons has been reported to be more than 20 times that in 

water (Table 3.3).  

Many attempts have been made to correlate gas solubilities for polar-nonpolar 

dispersions (alkane-aqueous), but success has been severely limited because 

a satisfactory theory for gas-liquid solutions has not been established. Ju and 

Ho (1989) proposed a volumetric relationship that gave reasonable results for 

oxygen solubility in hydrocarbon-aqueous dispersions, according to equation 

3.2. 

n

L,sat mixture j L,sat, j
j 1

C x
=

= ∑ C  (3.2) 

Assuming its applicability, the proposed correlation was used to determine the 

oxygen solubility in alkane-aqueous dispersions. 

 
3.4. Measurement of overall volumetric oxygen transfer 

coefficient in alkane-aqueous dispersions 

3.4.1. Measurement of dissolved oxygen concentration 

The majority of physical methods for KLa determination are dependent on 

accurate measurement of the dissolved oxygen concentration (DO) in the 

liquid. The DO was determined by means of a Toledo/Ingold® InPro® 6800 

Series polarographic dissolved oxygen probe which measured the fractional 

approach of oxygen to the equilibrium value. The DO was measured as a 

percentage of the saturation oxygen concentration. A 12mm T-96 Teflon 

membrane was used as these are more durable in hydrocarbon systems than 

silicone membranes. A diagram and properties for an InPro 6800 
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polarographic oxygen probe are given in Appendix III (Figure A.2). In addition, 

the fundamental working principles of the oxygen probe are presented. 

The probe was serviced at regular intervals to ensure consistent operation 

and reproducible results. Guidelines concerning probe maintenance were 

followed according to the Mettler Toledo User Manual. During replacement of 

the membrane body and O2 electrolyte, care was exercised in handling the 

inner glass body, since any hairline cracks resulting from knocks would 

adversely affect sensor performance. First, the membrane was removed and 

the interior body cleaned with a paper towel. All O-rings and silicone sealing 

were checked for mechanical defects and were replaced if necessary. The 

membrane was half-filled with O2 electrolyte and all bubbles were removed. 

The membrane was slipped carefully over the interior body. The cap sleeve 

was fitted over the membrane and screwed down. Any expelled electrolyte 

was removed using a paper towel. After each exchange of electrolyte or 

membrane body, the sensor was repolarized for 6 hours. 

The polarographic dissolved oxygen probe performance was evaluated in 

water at various process conditions to ensure reproducibility. The 

reproducibility of various probe tests at 22˚C, 1200 rpm is shown in Figure 

3.2. 

In an alkane-aqueous dispersion, the dissolved oxygen probe is submerged in 

a three phase gas-liquid-liquid phase because the liquid phases are 

immiscible. Since, the probe measures oxygen tension (not oxygen 

concentration) and the oxygen tension is the same in all three phases at 

equilibrium, the probe measures the overall oxygen transfer from the gas to 

the liquid, including oxygen transferred directly from the gas to the aqueous 

phase and oxygen transferred to the aqueous phase through the alkane 

phase (Hassan and Robinson 1977a). Consequently, the dissolved oxygen 

probe remains an appropriate method of quantifying the dissolved oxygen in a 

system with immiscible liquid phases. 
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Figure 3.2: Reproducibility of electrode response in water at 1200 rpm 

 18 April ’07,  24 April ‘07,  28 April ‘07 

 
3.4.2. Gassing out method 

In the gassing out method, a change in DO in the liquid is measured in 

response to a step change in the oxygen partial pressure in the inlet sparged 

gas (Bandyopadhyay et al. 1967). Once the DO concentration in the liquid has 

been decreased to well below the saturation level, the step change in the DO 

can be initiated according to one of two procedures. Either the oxygen partial 

pressure in the supply gas is altered directly without interrupting the aeration 

or agitation, or the aeration and agitation of the sparged gas are turned on 

simultaneously (Linek et al. 1981a). Here the former was used. 

The experimental set up (Figure 3.3) incorporated a 3-way valve to initiate an 

instantaneous step change in gas supply by switching between the nitrogen 

and oxygen supply. Gas flow rate was measured with a calibrated rotameter 

from readings measured at the top of the rotameter ball. Since pressure 

changes have a marked influence on the saturation concentration of gases in 

liquids, nitrogen and air were fed on an equal volumetric basis to minimize 

any pressure changes that may have resulted during transition between 
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gases. Steady-state was reached for each specific process condition. The 

process was controlled to 22˚C± 0.1 at atmospheric pressure. 

 
Figure 3.3: Equipment setup for gassing out method 

The oxygen probe was calibrated by initially sparging the liquid with nitrogen 

until a minimum voltage reading was obtained. This value was then set to 0% 

DO. Thereafter, the liquid medium was sparged with air at the desired 

agitation and aeration rate. The liquid was considered saturated with oxygen 

when equilibrium was reached and the voltage reading no longer changed 

with time. This voltage reading was then set as 100% DO. 

Following repolarization and calibration of the oxygen probe, the system was 

sparged with nitrogen until 0% DO was reached. Once steady-state was 

reached, the 3-way valve was used to switch the nitrogen flow 

instantaneously to air, and the increase in %DO was monitored with respect 

to time, until 100% DO was reached. A graphical illustration of the oxygen 

concentration changes with time is shown in Figure 3.4. 
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Figure 3.4: Time course of dissolved oxygen concentration during the gassing 

out method

The dissolved oxygen concentration data measured was used to determine 

KLa by integration of equation 2.21, as shown in equations 3.3 and 3.4: 
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 (3.4) 

Since  is zero for 0% DO, a plot of1
L C ( )L L,sat ln 1 C C−  as a function of time will 

yield a gradient –KLa (Shuler and Kargi 2002). 

Recently, concerns regarding the accuracy of the measurement of KLa by the 

gassing out method have been raised (Linek et al. 1989a; Linek et al. 1993; 

Linek et al. 1994). During a step change in the DO concentration where air is 

sparged into a liquid saturated with nitrogen, the newly supplied air must mix 

instantaneously with the initial nitrogen gas to satisfy the assumption of ideal 

mixing (Gogate and Pandit 1999). However, the transport of nitrogen out of 

the system progresses at a finite rate and so, the nitrogen has a certain 

residence time in the system after the step change has been initiated. This 

diminishes the rate at which oxygen is transferred to the liquid and 
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nonuniformity of the gas composition results. The nonuniformity of the gas 

composition underestimates the KLa values obtained via this method. The 

influence of nitrogen transport on KLa measurement is supported by Chang et 

al. (1989) who showed that the effect nonideal mixing was minimized by using 

oxygen enriched air. 

The accuracy of this method for KLa measurement has been demonstrated by 

Linek et al. (1993) to be especially problematic in viscous solutions. In water, 

where gas holdup is relatively low compared with viscous systems, a uniform 

gas composition in the bubbles is approached sufficiently fast. However, in 

viscous solutions, the rising velocities of the bubbles are slowed, and the 

residence time is increased. Since a distribution of bubble sizes exists and 

smaller bubble approach equilibrium faster than larger bubbles (due to their 

enhanced surface-to-volume ratio), they will have a different gas composition 

from that in the larger bubbles and a nonuniform gas composition will be 

promoted.  

In hydrocarbon-aqueous dispersions, where viscosity is significantly 

increased, gas composition in the bubbles is likely to be nonuniform when 

compared with nonviscous liquids. Consequently, it becomes important to 

asses the validity of the gassing out method for KLa determination in these 

systems. 

 
3.4.3. Pressure step method 

The pressure step method for KLa determination has been used to address 

the issue of nonuniformity in the gas composition experienced with the 

gassing out method (Linek et al. 1989a; Linek et al. 1993). Here, the change 

in DO was measured in response to a step change in the pressure inside the 

bioreactor (this is opposed to a step change in the oxygen composition in the 

gas supply as with the gassing out method). The alteration of the total 

pressure has the advantage of simultaneously changing the oxygen partial 

pressure in the gas bubbles in the dispersion, irrespective of their size or 

position. Therefore, by using the pressure step method, a uniform gas 

composition in the gas bubbles was achieved, suppressing the influence of 

nonideal mixing. 
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A series of pressure regulators and 3-piece SS ball valves were used to 

create two feed pressure lines (Figure 3.5). Gas flow rate was measured in 

each feed pressure line with a calibrated rotameter (Cole-Parmer CZ-03219-

29). Rotameter readings were measured at the top of the rotameter ball. 

Characterization tables, rotameter calibration and equipment used for the 

pressure step method are given in Appendix IV. 

 
Figure 3.5: Equipment setup for pressure step method 

During calibration of the oxygen probe for the pressure step method, the liquid 

was initially sparged with air corresponding to pressure steady-state 1. At this 

pressure level the voltage reading was set to 0% DO. Thereafter, a pressure 

step was induced to pressure steady-state 2. When equilibrium was reached 

and the voltage reading no longer changed with time, the voltage was set as 

100% DO. 

To initiate the pressure step, the bioreactor was initially set at atmospheric 

pressure (0 kPa gauge), with valves 1 and 3 open and valves 2 and 4 closed 

(Figure 3.5). The pressure change inside the vessel was induced by feeding 
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an auxiliary pressure gas above the liquid level from the high pressure gas 

line (valve 4). To initiate gas flow at an elevated pressure (15 to 20 kPa 

gauge), valves 2 and 4 were opened and valve 3 was closed. Gauge pressure 

was measured in the gas feed line by a digital pressure regulator (Pneumax 

171E2B.C.F.0005). Gauge pressure signals were measured using an A/D 

converter and recorded on a human machine interface (HMI). 

Once the pressure step was initiated, the change with time of both the 

pressure inside the vessel and the dissolved oxygen concentration in the 

liquid were recorded until a new steady-state was reached (Carbajal and 

Tecante 2004). An example of typical pressure step and the resultant DO is 

given in Figure 3.6 for illustration. 

 
Figure 3.6: Imposed pressure step yielding the dissolved oxygen 

concentration response used in measuring KLa by pressure 

step method 

····· Oxygen concentration, ----- Pressure 

The magnitude of an induced pressure step change must be constrained to 

less the 20% of the original pressure (Linek et al. 1993). An increase in 

pressure from p1 to p2 causes the original interfacial area, { }1a p , to decrease 

to a lower interfacial area, { }2a p , according to equation 3.5. As a step change 
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in the pressure causes bubbles to expand and shrink, a large step change 

may affect gas absorption rates or may cause the spontaneous generation of 

gas bubbles.  

{ } { }
2 31

2 1
2

⎛ ⎞
= ⋅⎜ ⎟

⎝ ⎠

pa p a p
p

 (3.5) 

Mass balance equations were used to evaluate KLa. The model takes into 

account the simultaneous transport of oxygen (equations 3.6 and 3.9) and 

nitrogen (equation 3.12) induced by a pressure step change in the system. 

The mass balance equations were derived under the following assumptions 

(Linek et al. 1989a; Linek et al. 1993; Linek et al. 1994): Constant values of 

gas holdup, temperature, inlet gas flow rate, water vapour pressure in the gas, 

ideally mixed gas and liquid phases and liquid film limited interfacial mass 

transfer. 
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The overall oxygen and nitrogen balance is according to equation 3.16: 

( )ow w T
G T G o o o o

X1 y p y P XQ P RTV m y m 1 y
1 p 1 p

dd d
dt dt dt

ε ε− Δ −⎛ ⎞ n⎡ ⎤= + + + + −⎜ ⎟ ⎢ ⎥− Δ − Δ ⎣ ⎦⎝ ⎠
 (3.16) 

Numerical solution of equations 3.6, 3.9, 3.12 and 3.16 with initial conditions, 

= = = =0 yields a time profile of a dimensionless 

oxygen concentration . The Matlab® program used to calculate the 

numerical solution is given in Appendix VI.  

( )oX 0 ( )oY 0 ( )nX 0 ( )TP 0

( )to, X

The Matlab® program to calculate KLa used an iterative process. For each 

process condition considered, a range of KLa values was estimated. Using 

these KLa values, a series of dimensionless oxygen concentration profiles 

was calculated from the numerical solution. These calculated profiles were 

matched onto the experimental profile measured by the oxygen probe. The 

calculated profile which fitted the experimental profile corresponded with the 

correct KLa value describing the oxygen transfer. 

The physical properties used in equations 3.6 to 3.16, describing both the 

liquid and gas phases, have been given in Table 3.3. Nevertheless, several 

properties such as oxygen and nitrogen diffusivity and liquid viscosity for 

alkane-aqueous dispersions are not found in literature and were predicted 

derived through theoretical or empirical models. Predictive models and their 

results are given in Appendix V. 

 
3.4.4. Probe response lag 

The calculation of KLa is hampered by a lag of the oxygen probe in response 

to changes in DO. Probe response delay arises due to the time taken for 

oxygen to diffuse across the probe membrane to the cathode, where oxygen 

is reduced and a current proportional to the partial pressure of the oxygen 

tension is produced (Johnson et al. 1964; Montes et al. 1999a). Response 

time is defined as the time required by the electrode to measure 63% of the 

saturation concentration (van’t Riet 1979; Imai et al. 1987; Badino et al. 2000; 

Tribe et al. 1995). 
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Probe response time can be considered negligible if the following criterion is 

satisfied, according to equation 3.17 (van’t Riet 1979; Sotiriadis et al. 2005). 

Ruchti et al. (1981) proposed that probe response must be taken into 

accounted if the response time is of the same order of magnitude as L1 K a . 

However, probe response is generally not negligible and therefore a predictive 

model should take the probe response into account.  

1 1τ = <<e
e Lk K a

 (3.17) 

In the work presented here, for example, the response time for an aqueous 

system, with agitation at 1200 rpm, was approximately 44s. The measured 

KLa corresponding to this probe response was 0.0367 s-1. Therefore, L1 K a  = 

27.3s. Since, L1 K a  and the response time were of the same order of 

magnitude, it was necessary to consider the dynamics of the polarographic 

oxygen probe for all calculations of KLa. 

The dynamics of the polarographic probe (Hp) to a step change in the oxygen 

in the bulk liquid at the outside of the probe membrane have been adequately 

described by the single-layer (only diffusion through the membrane is 

considered) two-region model with transient characteristics in the form of 

equation 3.18 (Linek and Benes 1977; Linek et al. 1984). 
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The transient characteristics of the oxygen probe (equation 3.18) were then 

convoluted with the measured or calculated oxygen concentration profile, 

according to equation 3.19. The convolution integral (Gm) (equation 3.19) is a 

generalized weighted moving average and it transforms the oxygen 

concentration predicted by the pressure step mass balance models above by 

introducing distortion caused by the dynamics of the oxygen probe.  
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To integrate equation 3.19, the calculated or measured oxygen concentration, 

,  was approximated by equation (τo LX ;K a)

e

3.20 (Linek and Vacek 1977; 

Linek et al. 1989c; Merchuk et al. 1990; Badino et al. 2000; Havelka et al. 

2000; Casas López et al. 2006). 

( )o LX ;K a 1 tt α−= −  (3.20) 

The response of the oxygen probe (equation 3.18) to an exponential process 

(equation 3.20) can then be expressed analytically, according to equation 

3.21 (Linek and Benes 1977; Linek et al. 1989d; Havelka et al. 2000): 
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 (3.21) 

Thereafter, KLa was evaluated by fitting the calculated response from 

equation 3.21, which incorporated probe response, to the measured oxygen 

concentration profile.  

The transient probe characteristic parameters (A, K1 and K2) of equation 3.18 

describe the transient response to a step change of oxygen concentration at 

the membrane when the influence of the liquid film is negligible, and must be 

determined experimentally prior to each KLa measurement (Linek et al. 1987; 

Linek et al. 1989d; Linek et al. 1993). In the experiment, the membrane was 

located at the outlet of a pipe supplying air or nitrogen. Gas supply was 

regulated by means of a three-way stopcock. Initially, nitrogen gas was 

passed perpendicularly to the probe membrane. When the valve was turned, 

an interchange of the initial gas with air took place. The parameters, A, K1 and 

K2, were evaluated by fitting the calculated response (equation 3.18) onto the 

experimental response by nonlinear regression.  

The transient probe characteristic parameters calculated for this study were A 

= 0.957, K1 = 0.115 and K2 = 0.071 (R2 = 0.98). These parameters compare 

well with typical measured parameters observed in literature for aqueous 

dispersions (Table 3.5). To date, values in hydrocarbon-aqueous systems 
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have not been reported. Typical transient probe profiles by equation 3.18 are 

shown in Figure 3.7. 

Table 3.5: Parameters for the transient characteristic of the probe  

Equipment System A K1 K2 Authors 

Air-lift reactor; Dt 
= 10.6 cm 

Aqueous 0.67 – 
0.885 

0.445 – 
1.26 

0.15 – 
0.27 

Blažej et al. 
(2004) 

STR; Dt = 13.3 
cm; V = 12L; N = 
100, 200 and 300 
rpm; Q = 1 vvm 

Aqueous 
dispersions: 
glycerol, glucose 
syrup 

0.8023 0.0591 0.0042 Carbajal and 
Tecante (2004) 

1 6-blade 
Rushton turbine; 
Dt = 29 cm; N = 
250 – 1050 rpm; 
Vs = 0.212 – 
0.424 cm.s-1

Aqueous 
dispersions: 0.5 M 
glucose 

0.951 0.21 0.0499 Linek et al. 
(1981b) 

STR; 1 6-blade 
Rushton turbine; 
Dt = 29 cm; N = 
250 – 1050 rpm; 
Vs = 0.212 – 
0.424 cm.s-1

Aqueous 
dispersions: 0.5 M 
Na2SO4, CMC 

0.871 0.0337 0.0058 Linek et al. 
(1991) 

STR; 1 6-blade 
Rushton turbine; 
Dt = 29 cm; N = 
250 – 1050 rpm; 
Vs = 0.212 – 
0.424 cm.s-1

Aqueous 
dispersions: 0.5 M 
Na2SO4, CMC 

0.9559 0.0601 0.01402 Linek et al. 
(1992) 

STR; 1 6-blade 
Rushton turbine; 
Dt = 29 cm; Vs = 
0.212 – 0.424 
cm.s-1

Aqueous 
dispersions: 0.5 M 
Na2SO4

0.9747 0.0727 0.0144 Linek et al. 
(1993) 

STR; 3 6-blade 
Rushton turbines; 
Dt = 88 cm; N = 
50 – 200 rpm; Vs 
= 0.318 – 0.493 
cm.s-1

Aqueous 
dispersions: 0.3 & 
0.181 M Na2SO4

0.9558 0.905 0.1674 Linek et al. 
(1994) 
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Figure 3.7: Profiles of the single-layer two-region model with transient 

characteristics 

 Blažej et al. (2004),  Carbajal and Tecante (2004),         

 Linek et al. (1981b),  Linek et al. (1991),  Linek et al. 

(1992),  Linek et al. (1993),  Linek et al. (1994),              

 This study (A = 0.957, K1 = 0.115 and K2 = 0.071) 

 
3.5. Determination of interfacial area in alkane-aqueous 

dispersions 

The interfacial area was measured using a photographic technique to obtain 

images containing air bubbles. These images were used to obtain specific 

bubble descriptors that were used to determine the mean bubble size as well 

as bubble size distributions in the alkane-aqueous dispersions. Images and 

KLa were measured simultaneously with the same process conditions. Thus, 

the bubble size and bubble size distributions were able to be directly related 

to the corresponding KLa. 
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3.5.1. Image acquisition 

A high-speed camera (Kodak Megaplus ES 1.0) was used to acquire 

photographic images of air bubbles for the determination of mean bubble 

sizes and bubble size distributions (Figure 3.8). The camera features an 

interline Charge Coupled Device (CCD) sensor array with 1008 (H) x 1018 (V) 

light sensitive elements (pixels), corresponding to a spatial resolution of one 

million pixels (Redlake MASD 2001). The high-speed camera was situated 15 

cm away from the bioreactor. A rigid support structure on a camera tripod 

allowed for independent positioning. Features of the equipment used for 

image acquisition is given in Appendix VII. 

 
Figure 3.8: Equipment setup for image data acquisition 

The camera features an output channel data rate of 20 MHz. This allowed a 

maximum frame rate of 30 fps. A high framing rate is important as objects 

travelling at a higher velocity than the scanning speed of the camera result in 

images being blurred. The camera outputs 8 or 10 bit digital images with up to 

1024 grey levels per pixel resulting in excellent detail contrast. 

The camera was connected to a frame grabber board (Matrox Meteor-II/1394 

board) capable of handling 8 or 10 bits of image data. The frame grabber was 

installed in a PC with a Microsoft Windows® 2000 operating system. Both the 

frame grabber and camera were operated by Matrox Inspector 3.1 (Matrox 

Imaging 2000).  

 103



The pixels of the CCD high-speed camera are squares of size 9 μm x 9 μm. 

Each camera pixel covered on object area of 125 μm x 125 μm. Hence, an 

image of a circular bubble that is 1 mm in diameter consists of about 50 

pixels.  

Literature defines the minimum number of bubbles considered to give a 

representative sample as ranging from 100 to 10000 bubbles (Table 3.6). 

However, around 500 to 800 bubbles is considered to give a statistically 

representative sample through as being sufficient to describe the bubble 

properties of a given process condition (Pacek and Nienow 1995b; Ribeiro et 

al. 2004). In this study, approximately 600 bubbles were chosen at random 

from bubble images for each of the process conditions. Two sets of 300 

image frames were captured with the second set of images captured 

approximately 20 to 30 minutes after the first set to confirm that steady-state 

had indeed been reached. 

When systems with alkanes were involved, transparency and low contrast 

were serious problems for image analysis processes, specifically when high 

alkane concentration and agitation rates were used. Therefore, a suitable 

lighting system was needed to avoid this problem by diminishing field 

darkening (Taboada et al. 2003) and allowing a suitable contrast for bubble 

definition. A suitable lighting system was established by means of a halogen 

light (500W, 220 V). The lighting system exhibited high light density, low heat 

generation and was simple and safe to use. The halogen light was placed 

opposite the bioreactor in relation to the camera so that no reflection was 

seen by the camera. As backlighting was used, bubbles in gas-liquid systems 

appeared as black circles with white (bright) centres. 

Image size calibration was needed to relate the “pixel” units to those of “world” 

units (world units are actual measurements in millimetres, i.e. a certain length 

to the number of pixels), so that a given number of pixels were equivalent to a 

certain length in “world” units. Calibration was done by means of the standard 

ruler method (ASTM International 2002). 
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Table 3.6: Number of bubbles to provide a representative sample as defined in the literature 

System Number of bubbles 
per measurement 

Measurement error / size range References 

Aqueous 10000  Bailey et al. (2005a), 

Bailey et al. (2005b) 

Aqueous dispersions: NaCl 500 < 6% / 0.4 – 5.0 mm Barigou and Greves (1992)  

Aqueous 150 – 200  Bouaifi et al. (2001) 

Aqueous dispersions: 2-hexanol, toulene 500  Das et al. (1985) 

Aqueous dispersions: castor oil 500 Not given / 40 – 5000 μm, ≥ 20 
μm 

Galindo et al. (2000) 

Aqueous dispersions: propanol, butanol, 
diethylene glycol, cyclohexanol, decanol 

500  Hu et al. (2005) 

Aqueous dispersions: n-butanol 4000 Not given / 0.1 – 4 mm Laakkonen et al. (2005) 

Aqueous dispersions: ethanol, n-butanol, NaCl, 
Na2SO4

800 Not given / 40 – 5000 μm Machon et al. (1997) 

Aqueous dispersions: methanol, benzene, 
ethanol, n-propanol, n-butanol, aniline, sodium 
ethyl xanthate; amyl xanthate, sodium n-octyl 
xanthate, KCl 

3000 2.822 ± 0.015 mm O’Connor et al. (1990) 

Aqueous dispersions: castor oil 500 2% std dev / 500 and 1200 μm Pulido-Mayoral and Galindo 
(2004) 
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Aqueous dispersions: cyclohexane, ethanol 1000 ± 0.05 mm / ≤ 3.5 mm Schäfer et al. (2002) 

Aqueous 350 – 1100 5% / 0.5 – 7 mm Sotiriadis et al. (2005) 

Aqueous dispersions: sucrose, ethanol 100 – 150  Sun and Furusaki (1998) 

Aqueous dispersions: castor oil 300 < 10% / 100 – 1400 μm Taboada et al. (2006), 

Lucatero et al. (2003) 

Aqueous 800 Not given / 0.05 – 0.7 mm Takahashi and Nienow (1993) 

Cyclohexane 400 – 500  Tekie et al. (1997) 

Castor oil 700 < 10% / 900 μm Larralde-Corona et al. (2002) 

Castor oil 600 < 12% / 0.05 – 0.8 mm Vega-Alvarado et al. (2004) 

Perfluorotributylamine 150  Yamamoto et al. (1994) 

Aliphatic alcohols (n-C1-8), saccharose, xanthan 100  Zahradník et al. (1999) 
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3.5.2. Image processing  

Photographic images acquired from a high-speed camera were treated, 

analyzed and several object descriptors were obtained from these images 

using a computer program written in Matlab® (Appendix VIII). The program 

consists of a variety of functions available in Matlab® used to achieve several 

image processing objectives. 

Images to be processed were stored in tagged image file format (TIFF). This 

image format does not compress the image as some other image formats do 

and so does not compromise the quality of the image. Each image, with 

potentially viable bubbles, was read into Matlab® using the ‘imread’ function. 

The ‘imcrop’ function was used to crop the region of interest of images 

containing bubbles to be processed, to a specified rectangle. An example of 

an image to be processed is given in Figure 3.9. 

Preprocessing image enhancement techniques were used to improve an 

image for processing. “Improve” is defined as either an increase in the signal-

to-noise ratio or by modifying colours or intensities to make certain features 

easier to see. Preprocessing enhancement options include filters and intensity 

contrast enhancement.  

Filtering can emphasize certain features or remove other features. Two filter 

functions in Matlab® are ‘imfilter’ and ‘medfilt2’. ‘Imfilter’ performs 

multidimensional image filtering by computing the values of each output pixel 

using double-precision, floating-point arithmetic. The ‘fspecial’ function uses 

‘imfilter’ to create a 2-D filter in the form of correlation kernels (Figure 3.10). 

The ‘medfilt2’ function implements median filtering (Figure 3.11). In median 

filtering, each output pixel is set to an average of the pixel values in the 

neighbourhood of the corresponding input pixels. However, unlike averaging 

filtering, the value of an output pixel is determined by the median of the 

neighbourhood pixels, rather than the mean. This makes median filtering 

much less sensitive to outliers, thus making the filter able to remove these 

outliers without reducing the sharpness of the image. 

Contrast enhancement of an image was achieved using the ‘adapthisteq’ 

function which transforms pixels using contrast-limited adaptive histogram 
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equalization (CLAHE). ‘Adapthisteq’ enhances contrast in small regions in the 

image such that the histogram of the output region approximately matches a 

specified input histogram. After performing equalization, ‘adapthisteq’ uses 

bilinear interpolation to combine neighbouring small regions to eliminate 

artificially induced boundaries (Figure 3.12).  

After preprocessing, the image was converted to a binary 1-pixel width 

skeleton image containing the main primitives of the bubble shapes. The 

‘edge’ function detected edges by finding places in the image where the 

intensity changed rapidly, according to one of the following criteria: firstly, 

places where the derivative of the intensity was larger in magnitude than a 

given threshold and, secondly, places where the second derivative of the 

intensity had a zero crossing (Mathworks 2004). A binary gradient mask was 

created containing 1’s (white) where edges were found and 0’s (black) 

elsewhere (Figure 3.13). Two different methods were used in the ‘edge’ 

function to determine the bubble edges: Sobel and Canny methods. 

The Sobel method (Mathworks 2004) finds edges using the Sobel 

approximation to the derivative. It returns edges at those points where the 

gradient of the image is maximum. The Canny method (Canny 1986) is the 

most powerful edge detection method. This method finds edges by looking for 

local maxima of the gradient of the image, where the gradient is calculated 

using the derivative of a Gaussian filter. Two different thresholds are used to 

detect strong and weak edges. Weak edges are included in the input only if 

they are connected to strong edges. This makes this method the least likely to 

be fooled by noise and more likely to detect true weak edges. 

Figure 3.13 clearly showed the outlines of objects detected in the image. 

However, these lines do not quite delineate the outlines of the objects of 

interest. Gaps were found in the edges. Morphology techniques were used to 

close these gaps. Morphology is a technique of image processing based on 

shapes, where the value of each output pixel is based on a comparison of the 

corresponding pixel in the input image with its neighbours. Two fundamental 

morphological operations are dilation and erosion. Dilation and erosion are 

often used in combination to implement image processing operations. Dilation 

adds pixels to the boundaries of objects in an image, while erosion removes 
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pixels on object boundaries. The number of pixels added or removed from the 

objects in an image depends on the size and shape of the structuring element 

used to process the image. A structural element was created using the ‘strel’ 

function. The ‘imdilate’ function dilated the image using the structural 

elements. The binary gradient mask (Figure 3.13) was dilated using the 

vertical structuring element followed by the horizontal structuring element 

(Figure 3.14).  

 
Figure 3.9: Example of image used 

for image analysis 

 
Figure 3.10: Example image with 

applied ‘fspecial’ filter

 
Figure 3.11: Example image with 

applied ‘medfilt2’ 

median filter 

 
Figure 3.12: Example image with 

contrast enhancement

 
Figure 3.13: Binary gradient mask 

created using the ‘edge’ 

function 

 
Figure 3.14: Dilated gradient mask 

created using the 

'imdilate' function 
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When the image was dilated, the gaps in the edges of the objects of interest were 

closed and the ‘imfill’ function was used to fill in any interiors of bubbles. Also, 

any objects touching the frame of the image were removed using the 

‘imclearborder’ function (Figure 3.15). The image was then eroded back to the 

original size it was before dilation using the ‘imerode’ function (Figure 3.16). 

Again, a structural element was created using the ‘strel’ function. Finally, any 

objects in the image that were 30 pixels or less in size, was removed using the 

‘bwareaopen’ function (Figure 3.17). The exterior boundaries of the bubbles were 

traced on the original image using ‘beboundaries’ to show the final image 

processing (Figure 3.18). The original image is shown with each bubble diameter 

depicted (Figure 3.19). 

 
Figure 3.15: Dilated gradient 

mask with filled holes 

and cleared border 

 
Figure 3.16: Segmented image 

created using the 

‘imerode’ function

 
Figure 3.17: Noise removed from 

segmented image 

 
Figure 3.18: Final image showing 

outline of potential 

bubbles

Each image was calibrated given a known number of pixels a certain length in 

“world” units. The image was then ready for the object descriptors to be 

extracted in each image. The function ‘regionprops’ obtains information for 
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each object in the image. Data extracted using ‘regionprops’ were: Area (Ap), 

eccentricity, major-axis length (d1), minor-axis length (d2), perimeter (Pb) and 

centroid. The data was written to a designated Excel spreadsheet using the 

‘xlswrite’ function. 

 
Figure 3.19: Traced objects edges on original image 

The main limitation of image analysis and processing is the large number of 

images to be processed. To date, there are no literature reports on the 

development of a fully automated system. Thus, either all, or a portion of 

image analysis techniques are manual.  

 
3.5.3. Measurement of gas-liquid interfacial area 

Following image acquisition and image processing, several bubble descriptors 

were determined for each bubble. Direct measurement of the area, equivalent 

diameter, major-axis length, minor-axis length and perimeter were used to 

measure the size of the bubbles and bubble size distributions as well as the 

shape of the bubble. 

The mean bubble diameter was calculated using two definitions: Feret,  

and ellipsoidal bubble diameter,   is the equivalent diameter of a 

FD ,

ED . FD
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circular object with the same area as the irregular object.  was calculated 

from the projected area  according to equation 

FD

p, A 3.22 (Mena et al. 2005).  

2
π

= p
F

A
D  (3.22) 

ED  was calculated using the major and minor axis of the objects in the image, 

according to equation 3.23. This diameter definition assumes a sphere of 

volume equal to the volume of the ellipsoid bubble (Bouaifi et al. 2001; 

Hernandez-Aguilar and Finch 2005; Laakkonen et al. 2005; Sotiriadis et al. 

2005).  

23
1 2= ⋅ED d d  (3.23) 

D32 (volume-surface bubble diameter) is a statistical parameter calculated 

from the bubble distribution using either  or . DFD ED 32 is the most commonly 

used bubble descriptor used in image analysis describing bubble dynamics 

(Zieminski et al. 1967; Schügerl et al. 1977; Keitel and Onken 1982a; Das et 

al. 1985; Pacek et al. 1994; Tekie et al. 1997; Pacek et al. 1998; Bouaifi et al. 

2001; Nielsen et al. 2002; Vega-Alvarado et al. 2004; Sotiriadis et al. 2005; 

Junker 2006). By definition, D32 is defined by equation 3.24. 

( )

( )

3

0
32

2

0

∞

∞=
∫

∫

x f x dx
D

x f x dx
 (3.24) 

D32 was calculated from the area  and volume  of the dispersed phases 

as shown by equation 

2
bd 3

bd

3.25. 

b

b

N
3

i b,i
i 1

32 N
2

i b,i
i 1

nd
D

nd

=

=

=
∑

∑
 (3.25) 

The gas holdup quantifies the volume fraction of the dispersed gas phase 

present in the reactor (Shah et al. 1982). The gas holdup is defined by 

equation 3.26. 
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( )
6
πε

∞

= ∫ 3
G b

0

N x f x dx  (3.26) 

The gas holdup was measured using the dispersions height technique 

(Schügerl et al. 1977; Schügerl 1981; Lemoine and Morsi 2005). Here, the 

liquid level in the bioreactor was measured when no aeration was passing 

through the system, and then again when aeration was passing through the 

system. The volume fraction of gas present in the system could then be 

calculated according to equation 3.27. 

ε −
= C

G
V V

V
 (3.27) 

Combining equations 3.24 and 3.26 gives an expression  

( )
( )

( )
( )

2

3G 0
b

332 0 0

0

x f x dx
N x f x dx N x f x  dx

D 6 6
x f x dx

ε π π

∞

∞ ∞

∞= ⋅ =
∫

∫
∫

2
b ∫

x

 (3.28) 

By definition, the gas-liquid interfacial area is defined by equation 3.29. 

( )2

0

π
∞

= ∫ba N x f x d  (3.29) 

Thus, through equations 3.28 and 3.29, the gas-liquid interfacial area was 

calculated by the Sauter mean bubble diameter and gas holdup, according to 

equation 2.25. 

32

6ε
= Ga

D
  (2.25) 

The rigidity of a bubble (shape of a bubble) has been related to oxygen 

transfer dynamics and is a measure of whether a bubble moves freely and 

oscillates, or whether it has an immobile surface and is rigid. The sphericity of 

a bubble was used to describe how rigid a bubble is, according to equation 

3.30. It is a quantitative description of which a perfect circle, indicating 

complete rigidity, has the value of unity (Pons et al. 1997; Schäfer et al. 2002; 

Hernandez-Aguilar et al. 2004; Bailey et al. 2005a; Junker 2006). 

p
2
b

4 A
Sphericity

P
π

=  (3.30) 
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4. Results and discussion 

4.1. Comparison of the gassing out method and the pressure 
step method for the measurement of the overall 
volumetric oxygen transfer coefficient 

Crucial to the successful quantification of KLa behaviour, is a reliable method 

for its measurement. Several methods have been developed. The gassing out 

method is the most widely accepted and has been used extensively for 

hydrocarbon-aqueous suspensions as well as for aqueous solutions. 

Recently, however, the pressure step method has been mooted as being a 

more accurate method for KLa determination.  

While both these methods can be used to measure KLa, their limitations and 

constraints should be carefully considered. Since all valid methods should 

yield the same results, that is, the KLa values determined should be 

independent of the absorption driving force, the gassing out and pressure step 

methods were compared to assess their validity. These methods were each 

examined in alkane-aqueous dispersions at discrete alkane concentrations of 

0, 2.5, 5, 10 and 20% (v/v) at agitation rates of 600, 800, 1000 and 1200 rpm.  

KLa defined by these two measurement methods suggests that the difference 

in measured KLa values was enhanced with increasing agitation rate (Figure 

4.1). At the lowest agitation rate of 600 rpm, no significant deviation between 

the two methods was observed. However, as agitation was increased, the KLa 

values obtained from the pressure step method were higher than those 

obtained from the gassing out method such that at 1200 rpm, a 34.3 to 49.3% 

(depending on alkane concentration) deviation was observed. 

Similar differences in KLa values at higher agitation rates have been observed 

between KLa obtained by these two methods in aqueous (Linek et al. 1987; 

Gogate and Pandit 1999; Carbajal and Tecante et al. 2004), electrolyte-

aqueous (Linek et al. 1987; Linek et al. 1988; Linek et al. 1989b; Linek et al. 

1990; Linek et al. 1991; Linek et al. 1994) and viscous (CMC- and glycerol-

aqueous) (Linek et al. 1989b; Blažej et al. 2004; Carbajal and Tecante 2004) 

dispersions. 
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Figure 4.1: Influence of agitation rate on KLa obtained from gassing out and 

pressure step methods in alkane-aqueous dispersions up to 20% 

(v/v) 

 600 rpm,  800 rpm,  1000 rpm,  1200 rpm 

All methods for KLa determination, including the gassing out and pressure 

step methods, are derived with the assumption of ideal mixing of the 

dispersed gas. In systems exhibiting ideal mixing, a uniform oxygen 

concentration is found in all gas bubbles in the dispersion. When using the 

pressure step method, the assumption of ideal mixing is satisfied. A step up in 

the pressure simultaneously induces a corresponding step change in the 

oxygen partial pressure in the gas bubbles in the liquid, irrespective of their 

size or position (Linek et al. 1993). However, when using the gassing out 

method, where the step change in the oxygen partial pressure is initiated by 

switching from a nitrogen to air sparge, the initial nitrogen and newly supplied 

air mix in the system at a finite rate (whereas the assumption of ideal mixing 

suggests this process to take place instantaneously). As this step change 

usually exists over a large range, i.e. from zero to saturation, nonideal mixing 

results leading to a distribution of bubbles containing a range of oxygen 

concentrations. Further, bubbles whose oxygen concentration is in equilibrium 

with the surrounding liquid and which are therefore ineffective with respect to 

absorption can exist. As the assumption of ideal mixing assumes that all 
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bubbles contain the same oxygen concentration and are equally effective in 

absorption, several inherent problems are realized in the gassing out method. 

As a result, the absorption driving force is overestimated and a dampening in 

the KLa values obtained by the gassing out method ensues. 

The degree to which KLa values obtained by the gassing out method deviate 

from those of the pressure step method is determined by the intensity of 

coalescence present in the system. Systems with high coalescence rates tend 

to be more readily mixed than those with retarded coalescence rates (Linek 

and Vacek 1982; Linek et al. 1987; Linek et al. 1989a; Gogate and Pandit 

1999). The coalescence rate is influence by either the level of turbulence, or 

the type and amount of additive present in the system.  

When observing the effect of agitation, the deviation in KLa values obtained by 

the gassing out and pressure methods were between 0.1 and 4% (depending 

on the alkane concentration) at the lowest agitation rate of 600 rpm (Table 

4.1), as the coalescence rate was high enough for the gas dispersion to mix 

sufficiently to form a uniform oxygen concentration in the gas bubbles. At the 

higher agitation rates of 800 to 1200 rpm, however, the high rate of bubble 

breakage attributed to the increased turbulence retarded the coalescence rate 

leading to a greater deviation in KLa. A deviation of 0.1 to 18% and 5.5 to 

32.7% was observed at 800 and 1000 rpm respectively. The highest deviation 

in KLa of 34.3 to 49.3% occurred at 1200 rpm.  

In addition to the agitation, the presence of alkane also affected the deviation 

in KLa values obtained by these two methods by affecting the coalescence 

rate prevalent in the system (Table 4.1). At agitation rate of 800 rpm, a 

deviation in KLa values of 2.4 and 0.1% was observed for 2.5 and 20% (v/v). 

The deviation was lower compared to that observed at alkane concentrations 

of 0, 5 and 10% (v/v) where a deviation of 18, 13.8 and 7.6%, respectively, 

was observed. Similarly, at 1000 rpm, a deviation of 14.6 and 5.5% was 

observed at 2.5 and 20% (v/v), respectively. At 0, 5 and 10% (v/v) alkane 

concentration, this deviation was increased to 26.5, 32.7 and 20% (v/v), 

respectively. Similar observations were found for agitation rate of 1200 rpm. 

The lower deviation in KLa values observed for 2.5 and 20% (v/v) indicated a 
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higher coalescence rate for these alkane concentrations, suppressing the 

influence of nonideal mixing. 

Table 4.1: Influence of alkane on the KLa obtained from gassing out and 

pressure step methods for agitation rates of 600 to 1200 rpm 

% deviation in KLa value Alkane 
concentration (%v/v) 

600 rpm 800 rpm 1000 rpm 1200 rpm 

0 0.0% 18.0% 26.5% 43.8%

2.5 0.5% 2.4% 14.6% 40.7%

5 1.4% 13.8% 32.7% 49.3%

10 2.2% 7.6% 20.0% 44.0%

20 4.0% 0.1% 5.5% 34.3%

 

The addition of 2.5% (v/v) alkane to an aqueous system therefore exerted a 

positive influence on the coalescence rate. Further addition of alkane up to a 

critical concentration between 5 and 10% (v/v) resulted in a relatively higher 

deviation in KLa values suggesting a subsequent decrease in the coalescence 

rate. Once this critical alkane concentration has been reached, further 

addition up to 20% (v/v) decreased the deviation, suggesting an increased 

coalescence rate. 

Another possible contributing factor to nonideal mixing (applying to both the 

gassing out and pressure step methods) is the difference in absorption rates 

of oxygen and nitrogen from the individual gas bubbles. When air is used for 

absorption, interfacial nitrogen transport, which takes place simultaneously 

with oxygen transport, should be considered. The influence of nitrogen 

transport in the pressure step method was taken into account by incorporating 

a nitrogen (equation 3.12) and overall mass balance (equation 3.16) in the 

model evaluation used to calculate KLa. The KLa calculated by incorporating 

the nitrogen transport was compared with one in which the nitrogen transport 

was ignored. A maximum deviation of 2% was found suggesting that the 

effect of nitrogen transport can be neglected (Figure 4.2). 
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Figure 4.2: Influence of nitrogen transport on KLa values obtained from the 

pressure step method 

This result was confirmed by Moucha et al. (1995) and corroborated 

experimentally by Linek et al. (1989a) who showed that the KLa values 

obtained from the pressure step method by absorption of pure oxygen (where 

nitrogen transport is not a consideration) and air were practically identical. 

Linek et al. (1981a) and Linek et al. (1993) determined that nitrogen transfer 

only needs to be taken into account when KLa > 0.2 s-1.   

As the influence of nitrogen transport on KLa values obtained from the 

pressure step method was found negligible and the KLa values obtained by 

both the gassing out and pressure step methods were not larger than 0.08 s-1, 

it is assumed that that effect of nitrogen transport would not influence KLa 

values obtained from the gassing out method. 

In addition, the response lag of the probe to a step change in the oxygen 

concentrations may contribution to error in KLa measurement. Van’t Riet 

(1979) proposed equation 3.17 as a criterion for considering the inclusion of 

probe response. The probe response time for an aqueous system at 1200 

rpm was approximately 44s (Figure 3.2). The measured KLa corresponding to 

this probe response was 0.0367 s-1. Therefore, L1 K a  = 27.3s. As the 

response time was of the same order of magnitude as L1 K a , literature 
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suggests (van’t Riet 1979) that probe response should be considered for the 

calculation of KLa using both the gassing out and pressure step methods.  

In the gassing out method, a maximum difference in KLa values of 6.2% was 

observed when probe response was taken into account (Figure 4.3). This 

observation was contrary to the pressure step method, where the deviation in 

KLa values increased with increased agitation rate with a resultant deviation of 

over 50% observed at the high agitation rate of 1200 rpm. 

 
Figure 4.3: Influence of probe response on KLa values obtained from the 

gassing out and pressure step methods  

 Gassing out method,  Pressure step method 

The relatively small difference in KLa values obtained with the gassing out 

method demonstrates that the probe response did not significantly influence 

the error associated with this method. This suggests that the damping of KLa 

values with increased agitation is entirely the result of an overestimation in the 

absorption driving force through the incorrect assumption of ideal mixing. On 

the other hand, the decreased sensitivity of the pressure step method to 

nonideal mixing and the negligibility of nitrogen transport, suggests that the 

pressure step method is the more accurate method of KLa determination 

when oxygen is absorbed from a gas mixture, provided that the probe 

response lag is considered in the theoretical development of the method.  
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The pressure step method has only been previously applied to aqueous, 

electrolyte-aqueous and glycerol-aqueous systems. Therefore, this study was 

the first to apply this method of KLa measurement to an alkane-aqueous 

dispersion. 

 
4.2. Influence of agitation rate and alkane concentration on 

KLa through its effect on the gas-liquid interfacial area 

KLa is a composite parameter comprising the liquid phase oxygen transfer 

coefficient and the gas-liquid interfacial area per unit volume. KLa is 

influenced by several physical and chemical factors imposed by the addition 

of an alkane phase, which influence either KL or the interfacial area, or a 

combination of both. However, the mechanism of oxygen transfer in an 

alkane-aqueous dispersion is not well understood.  

To gain insight into the factors which underpin KLa behaviour in an alkane-

aqueous dispersion, the pressures imposed by turbulence and fluid properties 

(of the alkane) have been evaluated through their influence on interfacial 

area. The extent of the dependence of KLa on interfacial area has been 

shown to be ultimately defined by the prevailing operating conditions such as 

agitation and alkane concentration. 

 
4.2.1. The influence of agitation rate on KLa through its effect on 

interfacial area 

The influence of agitation rate on KLa was investigated using agitation rates of 

600, 800, 1000, 1200 rpm at discrete alkane concentrations of 0, 2.5, 5, 10 

and 20% (v/v) (Figure 4.4) using the pressure step method (Vertical brackets 

in Figure 4.4 and other figures in Section 4.2.1 and 4.2.2 signify one standard 

deviation). KLa varied markedly with changes in agitation rate in all cases. For 

example, KLa at 0 and 20% (v/v) alkane concentration, increased from 0.029 

s-1 to 0.069 s-1 and 0.013 s-1 to 0.057 s-1, respectively, when the impeller 

speed was increased from 600 to 1200 rpm. Similar KLa enhancement was 

observed at increasing agitation rate for alkane concentrations of 2.5, 5 and 

10% (v/v). 
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The increase in KLa as agitation is varied from 600 to 1200 rpm may be 

explained in part by the influence of enhanced turbulence which impacts on 

one or more several phenomena relating to the gas-liquid interfacial area such 

as D32, gas holdup and sphericity (Section 2.5.1.1). The degree to which 

agitation influences each of these parameters was assessed at discrete 

agitation rates corresponding to those at which KLa was determined.  

 
Figure 4.4: Influence of agitation rate on KLa (pressure step method) at 

discrete alkane concentrations 

 0% (v/v) alkane,  2.5% (v/v) alkane,  5% (v/v) alkane,        

 10% (v/v) alkane,  20% (v/v) alkane 

D32 decreased steadily with increasing agitation rate from 600 to 1200 rpm for 

all alkane concentrations (Figure 4.5). Increasing the agitation rate increased 

the dynamic turbulence pressure in the reactor. This has been reported to 

increase the number of entrained gas bubbles which reach the impeller 

blades, thereby reducing the coalescence, promoting bubble break up and 

ultimately lowering D32 (Schügerl et al. 1977).  

Barigou and Greaves (1992) found the smallest bubbles in the impeller 

region, mainly at the position closest to the impeller tip. As the bubbles 

travelled away from the impeller, the turbulence decreased and bubbles 

coalesced and formed larger bubbles. The coalescence rate in the bulk region 
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of the reactor depended heavily on the liquid properties in the system. In this 

study, a relatively smaller D32 was observed at the higher alkane 

concentrations suggesting that the addition of alkane changed the liquid 

properties, causing a decrease in coalescence. A smaller D32 may, however, 

also be attributed to the alkane droplets act as rigid spheres thereby 

contributing to turbulent motion (Roles et al. 1990). Either way, addition of an 

alkane phase reduces D32. 

 
Figure 4.5: Influence of agitation rate on Sauter mean bubble diameter at 

discrete alkane concentrations 

 2.5% (v/v) alkane,  5% (v/v) alkane,  10% (v/v) alkane,       

 20% (v/v) alkane 

D32 is a statistical parameter frequently used to describe the bubble diameter 

of bioprocesses and was calculated from the arithmetic mean bubble diameter 

(Section 3.5.3). The arithmetic mean bubble diameter was calculated 

according to two definitions the Feret and ellipsoidal diameters. Both bubble 

diameter definitions are commonly used in image analysis. Similar to D32, a 

decrease in the bubble diameter (as determined by each of the definitions) 

was observed at increasing agitation rate from 600 to 1200 rpm for all alkane 

concentrations (Figure 4.6). Because of its definition, D32 was higher than 
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either the Feret or ellipsoidal diameters, being more dependent on the larger 

gas bubbles in the size distribution.  

 
Figure 4.6: Influence of agitation rate on bubble diameter at discrete alkane 

concentrations 

Feret diameter:  2.5% (v/v) alkane,  5% (v/v) alkane,  10% 

(v/v) alkane,  20% (v/v) alkane 

Ellipsoidal diameter:  2.5% (v/v) alkane,  5% (v/v) alkane,       

 10% (v/v) alkane,  20% (v/v) alkane 

The bubble diameters determined by the ellipsoidal definition were slightly 

higher than those determined the by Feret definition. The ellipsoidal definition 

assumes that all the bubbles are ellipsoidal. Thus, if a portion of the bubbles 

are not ellipsoidal, an incorrect bubble size may be calculated. Greater 

deviation in the bubble diameters calculated from the two bubble distributions 

was expected to occur at the lower agitation and alkane concentrations. The 

higher coalescence rate and bubble surface mobility at these process 

conditions would create bubbles with deformed bubble shapes not exhibiting 

an ellipsoidal bubble. However, the deviation observed between the Feret and 

ellipsoidal bubble diameters were the same for agitation rates between 600 

and 1200 rpm for all alkane concentrations. Thus, as the Feret definition is 

used more readily in literature, it was used to calculate D32 in this study. 
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To acquire a detailed and complete picture of the internal structure of the gas-

liquid dispersion, the bubble size distributions were also considered. The 

cumulative probability bubble distributions at 2.5% (v/v) alkane concentration 

showed the bubble distribution shifted towards the lower end of the bubble 

diameter spectrum with an increase in the agitation rate (Figure 4.7). Similar 

results were found for the other alkane concentrations of 5, 10 and 20% (v/v). 

In addition, bubble distributions at the lower agitation rates at 10% (v/v) 

alkane concentration showed a normal distribution (Figure 4.8). However, as 

the agitation rate increased, the increased turbulence skewed the bubble 

distribution to the left, with a greater percentage of smaller bubbles being 

created. Similar results were found for the other alkane concentrations of 2.5, 

5 and 20% (v/v). 

 
Figure 4.7: Cumulative probability distribution of bubble diameters at 2.5% 

(v/v) alkane concentration 

Feret diameter:  600 rpm,  800 rpm,  1000 rpm,          

 1200 rpm 

Ellipsoidal diameter:  600 rpm,  800 rpm,  1000 rpm,   

 1200 rpm 

Contrary to D32, gas holdup increased steadily when the agitation rate was 

increased from 600 to 1200 rpm for all alkane concentrations (Figure 4.9). 
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This was a consequence of the reduced bubble size which resulted in a lower 

rise velocity, increasing the residence time of the gas bubbles in the liquid and 

correspondingly, increasing the gas holdup. 

 
Figure 4.8: Probability distribution of bubble diameters at 10% (v/v) alkane 

concentration (Feret diameter) 

 600 rpm,  800 rpm,  1000 rpm,  1200 rpm 

The influences of agitation on D32 (Figure 4.5) and gas holdup (Figure 4.9) 

both contribute to an enhancement of the interfacial area at all alkane 

concentrations (Figure 4.10). These results show a clear correlation between 

increased agitation and increased transfer area across the entire range of 

agitation rates of 600 to 1200 rpm for all alkane concentrations. Further, these 

results suggest that the increase in interfacial area, through a decreased D32 

and increased gas holdup, is the predominant factor influencing the KLa in 

alkane-aqueous dispersions. 

Unlike the KLa values obtained from the pressure step method, the values of 

KLa obtained from the gassing out method were damped at higher agitation 

rates (Figure 4.11). For 0 and 20% (v/v) alkane concentration, KLa increased 

from 0.026 s-1 to 0.040 s-1 and 0.016 s-1 to 0.029 s-1, respectively, when the 

impeller speed was increased from 600 to 1000 rpm. However, as the 

agitation rate was increased above 1000 rpm, a decline in KLa was observed 
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at the lower alkane concentrations of 0, 2.5 and 5% (v/v). Similar trends have 

been observed in alkane-aqueous suspensions using a different tank 

geometry (Clarke et al. 2006).  

 
Figure 4.9: Influence of agitation rate on the gas holdup at discrete alkane 

concentrations 

 0% (v/v) alkane,  2.5% (v/v) alkane,  5% (v/v) alkane,        

 10% (v/v) alkane,  20% (v/v) alkane 

Various literature studies have been published linking the damping of KLa at 

the high agitation rate obtained from the gassing out method (Figure 4.11) to 

a mechanism of oxygen transport involving the renewal of the bubble surface 

(Alves et al. 2004; Correia et al. 2006). One specific school of thought 

assumes a bubble surface rigidity control of this renewal where the degree of 

rigidity has been found by some authors to influence KL (Calderbank 1959; 

Robinson and Wilke 1974; de Figueiredo and Calderbank 1979; Alves et al. 

2004; Alves et al. 2005). As the agitation rate is increased, the bubbles size 

and shape move from large bubbles with deformable, mobile surfaces to 

spherical small bubbles with rigid surfaces. The change from a mobile 

oscillating bubble to a spherical bubble with an immobile, rigid surface 

indicates a marked decrease in KL as rigid bubbles are less effective in 
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promoting transfer because their surfaces inhibit internal gas circulation 

(Doran 1997; Montes et al. 1999b). 

 
Figure 4.10: Influence of agitation rate on the interfacial area per unit volume 

at discrete alkane concentrations 

 2.5% (v/v) alkane,  5% (v/v) alkane,  10% (v/v) alkane,        

 20% (v/v) alkane 

To evaluate the threshold agitation where the bubble shape changes, the 

influence of agitation rate on sphericity (a measure of rigidity) was examined 

over a range of agitation rates at discrete alkane concentrations of 2.5, 5, 10 

and 20% (v/v) (Figure 4.12). The sphericity of the bubbles was observed to 

increase with increasing agitation rate up to 1000 rpm for all alkane 

concentrations, after which the sphericity levels off. This indicates a transition 

at 1000 rpm where the bubble shapes approximated spheres suggesting a 

decline in KL above this agitation.  
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Figure 4.11: Influence of agitation rate on KLa (gassing out method) at 

discrete alkane concentrations 

 0% (v/v) alkane,  2.5% (v/v) alkane,  5% (v/v) alkane,         

 10% (v/v) alkane,  20% (v/v) alkane 

 
Figure 4.12: Influence of agitation rate on the sphericity of bubbles at discrete 

alkane concentrations 

 2.5% (v/v) alkane,  5% (v/v) alkane,  10% (v/v) alkane,     

 20% (v/v) alkane 
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However, the KLa depression between 1000 and 1200 rpm (Figure 4.11), 

obtained from the gassing out method is not necessarily linked to the 

decrease in KL due to the increased number of bubbles exhibiting rigid, 

immobile surfaces. KLa depression at high agitation rates has also been 

shown to result from an inherent error associated with the gassing out method 

(Section 4.1). According to a more reliable method of KLa determination, the 

pressure step method, no depression in KLa enhancement was observed at 

agitation rates of 1000 rpm and above. It is likely, therefore, that although the 

bubbles tended to spheres at high agitation rates, increased bubble rigidity did 

not serve to decrease KLa. 

 
4.2.2. The influence of alkane concentration on KLa through its 

effect on the interfacial area 

The influence of alkane concentration on KLa was examined at discrete 

alkane concentrations of 0, 2.5, 5, 10 and 20% (v/v) for agitation rates of 600, 

800, 1000, 1200 rpm when using the pressure step method (Figure 4.13). It is 

evident that the degree of KLa enhancement with alkane addition is 

dependent on the prevailing agitation rate.  

 
Figure 4.13: Influence of alkane concentration on KLa (pressure step method) 

at discrete agitation rates 

 600 rpm,  800 rpm,  1000 rpm,  1200 rpm 
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At agitation rates of 800 rpm and above, three zones of markedly different KLa 

behaviour is evident upon alkane addition. Initially, for alkane concentrations 

up to 2.5% (v/v), alkane addition suppressed KLa for all agitation rates. KLa 

suppression was also observed at all agitation rates for alkane addition above 

5% (v/v). However, for alkane concentrations between 2.5 and 5% (v/v), KLa 

increased with alkane addition. 

The increase in KLa with alkane addition to 5% (v/v) obtained for agitation 

rates of 800 rpm and above, with a subsequent decrease on further alkane 

addition, suggests that an optimum alkane concentration with respect to KLa 

maximisation exists. Maximum KLa values at 5% (v/v) of 0.042 s-1, 0.060 s-1 

and 0.072 s-1 were observed for agitation rates of 800, 1000 and 1200 rpm, 

respectively. These KLa peaks corresponded with Type 1 behaviour (Section 

2.4.3). Several studies, incorporating hydrocarbons with similar viscosities, 

have reported similar KLa peaks occurring at 10% (v/v) hydrocarbon or less. 

For example, in STRs, peaks at 10% n-hexadecane (Nielsen et al. 2005), 5% 

n-C12-13 alkane (Clarke et al. 2006) and 10% n-C10-13 alkane (Correia et al. 

2006) and in air-lift and bubble column reactors at 0.5% hexanol (Koide et al. 

1985) 4% n-C12-16 (Jia et al. 1996), 3% n-dodecane (Jia et al. 1997) and 2% 

PFC-40 (Jia et al. 1997) have been observed. 

However, at an agitation rate of 600 rpm, KLa depression only was observed 

as alkane concentration was increased, corresponding to Type 3 behaviour. A 

decrease in KLa has been reported in systems with a dispersed hydrocarbon 

phase; these include n-hexadecane (Nielsen et al. 2005), n-C12-13 alkane 

(Clarke et al. 2006) and n-C10-13 alkane (Correia et al. 2006). 

Large deviations in KLa values obtained from the pressure step and gassing 

out methods were shown to exist (Section 4.1). Nevertheless, the same 

trends in KLa behaviour were observed with alkane addition for the pressure 

step method and the gassing out method. Three zones of markedly different 

KLa behaviour were similarly evident upon alkane addition for agitation rates 

of 800 rpm and above when KLa was measured by the gassing out method 

(Figure 4.14). The initial decrease in KLa upon alkane addition up to 2.5% 

(v/v) was followed by a subsequent increase in KLa with increasing alkane 

concentration until 10% (v/v) alkane where a KLa peak was observed. KLa 
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decreased on alkane addition above 10% (v/v). For the lowest agitation rate of 

600 rpm, KLa depression was observed for all alkane concentrations, as was 

similarly observed when using the pressure step method. 

 
Figure 4.14: Influence of alkane concentration on KLa (gassing out method) at 

discrete agitation rates 

 600 rpm,  800 rpm,  1000 rpm,  1200 rpm 

Thus, as the trends obtained from the pressure step (Figure 4.13) and 

gassing out (Figure 4.14) methods show the same KLa behaviour with 

increasing alkane concentration, conclusions from studies which have used 

the gassing out method to determine the effect of hydrocarbons on KLa 

behaviour are applicable. Consequently, these studies still give insight into the 

factors which underpin the behaviour of KLa even though the absolute values 

of KLa obtained from the gassing out method may be inaccurate. 

The behaviour of KLa with alkane addition suggests that the fluid properties as 

well as operating parameters strongly influence KLa behaviour in alkane-

aqueous dispersions. It is also likely that these parameters do not act 

independently, but that multiple causative factors relate to KLa behaviour and 

further, that the predominance of each of these factors varies, depending on 

the prevailing process conditions.  
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When considering the effect of an alkane phase on KLa through its effect on 

the interfacial area, it is important to consider the overall process of bubble 

coalescence and break up. Barigou and Graves (1992) determined that the 

bubbles sizes generated in the impeller region are determined by the 

prevailing agitation speed. The gas bubbles formed in the high energy 

dissipation region surrounding the impellers are swept by convective flow into 

the bulk liquid. However, for the bulk section of the tank, D32 was found to be 

more dependent on the liquid properties of the system. The bulk liquid region 

exhibits far lower energy dissipation compared to the impeller region and as a 

result coalescence tendencies dominate. Therefore, in this region the effect of 

turbulence through enhanced agitation rate is counteracted by the bubble 

coalescence rate prevalent in the system. Alkanes present in the liquid phase 

affect the liquid phase physicochemical properties, thus affecting the bubble 

coalescing behaviour and consequently, the interfacial area, through its effect 

on D32 and gas holdup. 

Alkane addition was observed to decrease D32 for agitation rates of 800 rpm 

and above (Figure 4.15). (At agitation rate of 600 rpm, D32 initially decreased 

at low alkane concentrations of 2.5 to 5% (v/v), but increased slightly with 

further alkane addition.) Galindo et al. (2000) found similar results in a 

simulated fermentation broth containing castor oil where bubble size 

decreased from 2 to 0.8 mm as the oil content was increased to 15% (v/v). 

Calderbank and Moo-Young (1961) found the mean bubble size reduced with 

an increase in oil concentration up to 15% in a salt rich aqueous solution. Rols 

et al. (1990), using a photographic method, reported a 15% reduction in D32 

when n-dodecane was added up to 25% (v/v). 

An increase in the alkane concentration was observed to markedly influence 

the gas holdup at each of the agitation rates examined (Figure 4.16). The 

observed trends in gas holdup with increased alkane concentration are similar 

to the trends observed in KLa under the same conditions. That is, the variation 

in gas holdup indicates three zones of different behaviour, with a shift 

occurring at 2.5 and 5% (v/v) alkane. At alkane concentrations above 5% 

(v/v), alkane addition depressed gas holdup at all agitation rates. On the other 

hand, at alkane concentration between 2.5 to 5% (v/v), the gas holdup 
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increased with alkane addition at high agitation rates (above 800 rpm) 

although a decrease was observed at the lowest rate (600 rpm). 

 

 
Figure 4.15: Influence of alkane concentration on Sauter mean bubble 

diameter at discrete agitation rates 

 600 rpm,  800 rpm,  1000 rpm,  1200 rpm 

The prevalence of a maximum gas holdup has been reported in several 

studies. Nocentini et al. (1993) found a maximum gas holdup value at low 

glycerol concentrations, while Pinelli et al. (1994) observed a small increase in 

the holdup at small concentrations of polyvinyl pyrrolidone as compared with 

an air-water system, with a subsequent decrease at higher concentrations. In 

addition, the initial decrease in gas holdup at low alkane concentrations was 

also observed by Yoshida et al. (1970) and Cents (2003) in a toluene-

aqueous system.  

The combined effect of decreased D32 and increased gas holdup for alkane 

concentrations between 2.5 and 5% (v/v) at agitation rates of 800 rpm and 

above had a positive influence on the interfacial area (Figure 4.17). This 

increase in interfacial area corresponded to the increase in KLa observed with 

increasing alkane concentration (Figure 4.13 and Figure 4.14). Hence under 

these conditions, the combined influences of D32 and gas holdup predominate 
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with the alkane exerting a positive influence on KLa indirectly through its 

influence on interfacial transfer area. 

 
Figure 4.16: Influence of alkane concentration on the gas holdup at discrete 

agitation rates 

 600 rpm,  800 rpm,  1000 rpm,  1200 rpm 

 
Figure 4.17: Influence of alkane concentrations on the interfacial area per unit 

volume at discrete agitation rates 

 600 rpm,  800 rpm,  1000 rpm,  1200 rpm 
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The decrease in D32 between 2.5 and 5% alkane at agitation rates of 800 rpm 

and above can generally be attributed to a much lower surface tension. The 

reduction in the surface tension with the addition of alkane retards 

coalescence rates and supports the maintenance of small bubbles throughout 

the bulk liquid (Zieminski et al. 1967, van de Donk et al. 1979; Junker 2006). 

Collision between these smaller bubbles does not necessarily result in the 

formation of larger bubbles, but bubbles that are broken down by the impeller 

action remain essentially unaltered and do not coalesce. These small bubbles 

formed due to the decrease in surface tension also increase the gas holdup. 

As the alkane concentration was increased above 5% (v/v) the gas holdup 

decreased with increasing alkane concentration even though a decrease in 

D32 was observed. The decrease in gas holdup despite a decreased D32 

suggests that in addition to the positive effect of increased surface tension on 

interfacial area, the alkane also imparts a negative influence, and that at 

alkane concentrations above 5% (v/v), this negative influence predominated. 

This negative influence is suggested to be the effect of viscosity, which 

becomes increasingly more important as alkane concentration increases and 

is likely to dominate at alkane concentrations above 5% (v/v).  

Viscosity has two effects on gas holdup. An increase in viscosity results in a 

decrease in the smaller bubble rise velocities which results in higher 

residence time of bubbles. However, this positive effect is balanced by the 

stronger negative effect of viscosity, where viscosity enhances bubble 

coalescence and the entrapment of a greater amount of air per bubble 

formation. Thus, the collision between bubbles leads to the formation of larger 

bubbles, which in turn results in high bubble rising velocities and a 

concomitant decrease in gas holdup (Calabrese et al. 1986a; Wang and 

Calabrese 1986). Increasing the liquid viscosity also reduces turbulence in the 

liquid phase. Hence, the energy of eddies created by the agitation is damped, 

reducing bubble breakage, leading to increased bubble sizes. 

Various studies have reported a widened bubble size distribution with 

increased liquid viscosity (Nocentini et al. 1993; Arjunwadkar et al. 1998; 

Behkish et al. 2002). These studies attributed the decrease in gas holdup to 

an increase in the number of large size bubbles in the system as a result of a 
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substantial coalescence. However, there also existed a larger proportion of 

small bubbles present in the system which did not escape easily due to the 

higher viscosity of the dispersion. 

Increasing the alkane concentration widened the bubble size distribution for 

600 rpm (Figure 4.18). Similar cumulative probability plots were found for 

agitation rates of 800, 1000 and 1200 rpm. The broadening of the bubble size 

distribution on alkane addition indicates that there existed a large number of 

bubbles (with high rise velocities and low residence times) in contrast to some 

very small bubbles (with very large residence times). Galindo et al. (2000) 

also found that an increasing oil concentration widened the bubble size 

distribution in the system, finding the mean bubble sizes become smaller as 

the castor oil concentration was increased. The presence of very large 

bubbles (2 to 3 mm) rising very fast through the reactor also was observed 

visually. 

 
Figure 4.18: Cumulative probability distribution of bubble diameter at 600 rpm 

Feret diameter:  2.5% (v/v) alkane,  5% (v/v) alkane,       

 10% (v/v) alkane,  20% (v/v) alkane 

Ellipsoidal diameter:  2.5% (v/v) alkane,  5% (v/v) alkane, 

 10% (v/v) alkane,  20% (v/v) alkane 
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A possible explanation for the simultaneous decrease in D32 and gas holdup 

may be attributed to the broadening of the bubble size distribution. Although a 

decrease in gas holdup occurs due to the increase in the number of large 

bubbles present in the system, D32 continues to decrease due to the increase 

in the number of small bubbles. 

The decrease in gas holdup above alkane concentration of 5% (v/v) resulted 

in a corresponding decrease in interfacial area (Figure 4.17), despite the 

decrease in D32 (Figure 4.15) and a concomitant decrease in KLa (Figure 4.13 

and Figure 4.14). 

In addition to its negative effect on KLa through the interfacial transfer area, 

viscosity could also lead to decreased diffusivities and increased resistance to 

oxygen transfer at the gas-liquid interface, all of which would lead to a decline 

in KLa (Calabrese et al. 1986a; Wang and Calabrese 1986). Thus, the decline 

in KLa observed as alkane concentrations increased from 5% (v/v) suggests 

that viscosity may be the controlling factor at these concentrations, negatively 

influencing transfer through one or a combination of mechanisms. 

The presence of alkane in low concentrations also had pronounced effects on 

KLa where a decline in KLa was observed for alkane concentrations up to 

2.5% (v/v) for all agitation rates (Figure 4.13 and Figure 4.14). Two 

mechanisms have been proposed to explain this variation in KLa, namely: 

bubble surface mobility decreases and coalescence is enhanced. According 

to Morão et al. (1999), the two mechanisms reach a limit, namely when every 

contacting bubble has coalesced or surface mobility has been completely 

suppressed.  

The first mechanism considers the transition of the bubble shape from a 

mobile, oscillating bubble to spherical bubble with a rigid surface which results 

in a decrease in the oxygen transfer coefficient. In order to examine a 

possible influence of alkane concentration on bubble rigidity, sphericity was 

examined over a range of alkane concentrations at discrete agitation rates of 

600, 800, 1000 and 1200 rpm (Figure 4.19). The trends in sphericity with 

increased alkane concentration show the bubbles were still mobile and 

oscillating at the low alkane concentrations, particularly the low agitation rates 
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of 600 and 800 rpm. At an alkane concentration of 10% (v/v) a threshold was 

approached. This threshold sphericity was well above the sphericity attained 

at the low alkane concentration of 2.5% where the initial decrease in KLa was 

observed. Therefore, it is unlikely that a decrease in KL would be responsible 

for the observed KLa depression at low alkane concentrations. 

 
Figure 4.19: Influence of alkane concentration on the sphericity of bubbles at 

discrete agitation rates 

 600 rpm,  800 rpm,  1000 rpm,  1200 rpm 

The second mechanism considers the change in coalescence properties at 

low alkane concentrations. Around the solubility point of the alkane, the 

alkane spreads as a thin film on the bubble surface thereby decreasing the 

coalescence of the system (Brilman; 1998; Cents 2003). At very low alkane 

concentration (<<2.5% (v/v)) there is insufficient alkane to coat the bubbles 

and coalescence is considerably higher, resulting in a lower KLa. Since a 

large surface tension gradient exists between the two situations (before and 

after the formation of the hydrocarbon film) this may be responsible for a 

sharp change in coalescence behaviour. Cents (2003) also found similar 

phenomenon in an n-heptane-aqueous dispersion. In light of these results, it 

seems that interactions exist between the gas bubbles and oil droplets which 

may result in a depressed KLa at low alkane concentrations. However, to 
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provide a clear answer on the influence of the interfacial properties on KLa 

values at these low alkane concentrations, further investigation should be 

carried out. 

 
4.2.3. Regimes of K a operation defined by agitation rate and alkane 

concentration 
L

 

The behaviour of KLa has been shown to result from a complex interaction of 

alkane concentration and turbulence under process conditions typically 

imposed during hydrocarbon bioprocesses (Figure 4.20).  

 
 Figure 4.20: Behaviour of KLa influenced by pressures imposed by alkane 

concentration and agitation 

Importantly, the variation of D32 (Figure 4.21) and gas holdup (Figure 4.22) 

with agitation and alkane concentration in these systems have been identified 

as key parameters underpinning KLa behaviour through their effect on the 

gas-liquid interfacial area (Figure 4.23). 

The results show that specific regimes of KLa behaviour were defined by the 

pressures imposed by alkane concentration and agitation. 3 regimes of KLa 

behaviour were identified when using the pressure step method, with each 

regime characterised by the relative predominance of the influence of 
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agitation and alkane concentration (Figure 4.24). These regimes were 

constrained by an alkane concentration of 5% (v/v) and agitation rate between 

600 and 800 rpm. Due to the graphical representation of the information 

shown in Figure 4.24, the regimes are shown to be constrained at 

approximately 650 rpm. However, KLa values were only obtained at 600 and 

800 rpm. Therefore, there exists a agitation rate between 600 and 800 rpm 

where the regimes change over from one to another. Further discussion of 

Figure 4.24 will refer to 800 rpm as being the constraint of the regimes 

discussed. 

 
 Figure 4.21: Behaviour of inverse Sauter mean bubble diameter influenced 

by pressures imposed by alkane concentration and agitation 

Regime 1 is constrained between alkane concentrations of 2.5 and 5% (v/v) 

and agitation rates of 800 rpm and above. In this regime, increased 

turbulence, as a result of increased agitation, decreased the bubble size 

through mechanical shear. These small bubbles, having slower bubble rise 

velocities, exhibited increased gas holdup. As a result, an increase in agitation 

increased interfacial area through decreased D32 and increased gas holdup. 

In addition, the alkane decreased surface tension which also increased 

interfacial area through decreased D32 and increased gas holdup. Therefore, 
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in this regime, KLa enhancement is directly associated with increased 

interfacial area suggesting that the interfacial area is the major factor defining 

KLa.  

 
 Figure 4.22: Behaviour of gas holdup influenced by pressures imposed by 

alkane concentration and agitation 

 
 Figure 4.23: Behaviour of interfacial area influenced by pressures imposed by 

alkane concentration and agitation 
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Figure 4.24: Regimes of KLa behaviour (pressure step method) defined by 

alkane concentration and agitation 

Regime 2 is constrained by alkane concentrations higher than 5% (v/v) and 

agitation rates of 800 rpm and above. As with regime 1, an increase in 

agitation increased interfacial area through decreased D32 and increased gas 

holdup. However, in this regime, the influence of viscosity predominates, 

exerting multiple negative influences on KLa, through both the interfacial area 

and oxygen transfer coefficient. Viscosity affects both bubble formation and 

size directly influencing the interfacial area. In addition, increased viscosity 

depressed the diffusivity of dissolved gas in the liquid, resulting in a 

decreased KL. 

Regime 3 is constrained at agitation rates smaller than 800 rpm for all alkane 

concentrations. Here, only KLa depression was observed with increasing 

alkane concentration. It is speculated that under these conditions the 

contribution of turbulence was insufficient to reduce the negative effect of 

viscosity. 

For KLa values obtained from the gassing out method, similar regimes are 

found as those obtained from the pressure step method (Figure 4.25).  

However, regime 1 is modified such that the transition from regime 1 to 

regime 2 occurs at 10% (v/v) (not 5% (v/v)) alkane and a 4th regime was 

showed constrained by agitation rates higher than 1000 rpm and by alkane 
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concentration between 5 and 10% (v/v). The KLa depression in this regime 

has been attributed to an inherent error in the gassing out method as 

discussed in Section 4.2.1. 

 
 Figure 4.25: Regimes of KLa behaviour (gassing out method) defined by 

alkane concentration and agitation 

Thus, although large deviations in KLa values are evident between these two 

KLa methods, the trends exhibited by the gassing out method are still 

applicable for the acquisition of a fundamental understanding of the factors 

which underpin KLa behaviour in alkane-based bioprocesses provided that the 

error in the gassing out method at high agitation rates is accounted for. 

While the actual values of the regime constraints presented here may be 

system-specific, the trends will have wide applicability to all alkane-aqueous 

dispersions. This study therefore not only identifies regimes for optimal KLa in 

these systems, but it also provides important insight into factors for 

consideration in KLa prediction for the design, operation and scale-up of 

alkane-aqueous bioprocesses. 

Further, although the alkane influenced KLa through viscous and surface 

tension effects and/or intensified mechanical shear the droplet diameter was 

qualitatively assessed to be orders of magnitude smaller than the bubble 

diameter under conditions characteristically used in alkane bioprocesses. This 
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indicated that a direct influence of alkane interfacial area on KLa would be 

unlikely. 

 
4.3. Influence of agitation rate and alkane concentration on 

the oxygen transfer rate 

It is important to note that KLa is not the only factor on which OTR depends 

(Section 2.3). Oxygen solubility also impacts significantly on OTR with the 

maximum attainable oxygen transfer rate in a bioprocess limited to the 

maximum saturation oxygen solubility in the liquid phase. Oxygen solubilities 

in aqueous solutions are low. However, in alkane systems which comprise 

two immiscible liquid phases of differing oxygen solubilities, the effect of 

increased oxygen solubility in the alkane may be considerable. The oxygen 

solubility is approximately six-fold greater in the n-C10-13 alkane concentration 

than in water, resulting in a corresponding increase in the liquid saturation 

oxygen concentration with increasing alkane concentration. 

Nevertheless, since OTR is also dependent on KLa, the OTR does not 

necessarily increase when  is increased. Consideration of the relative 

value of K

L,satC

La in alkane-aqueous systems to that in the absence of alkane 

suggests that alkane addition results in KLa depression under most process 

conditions applicable to alkane bioprocesses, which potentially led to a 

suboptimal OTR (Figure 4.26). The flat blue plateau shows the value of KLa in 

water ( )L LK a K a* 1= . 

Generally, KLa depression ( )L LK a K a* 1<  was observed at all alkane 

concentrations for agitation rates lower than 1000 rpm. KLa depression was 

also observed at all agitation rates for alkane concentrations of 10% (v/v) and 

above. KLa enhancement ( L LK a K a* 1> )  on the other hand was found at 

agitation rate of 1000 pm and above and alkane concentrations around 5 to 

10% (v/v). 
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Figure 4.26: Enhancement and depression of overall volumetric oxygen 

transfer coefficient by alkanes 

The resultant variation in oxygen transfer rate depended directly on the 

relative magnitudes of the KLa and  and indirectly on the process 

conditions which defined these magnitudes (

L,satC

Figure 4.27). In regions of 

enhanced KLa, OTR benefited from the combined increases in KLa and 

oxygen solubility. In the region of KLa enhancement at 1200 rpm, an increase 

in alkane concentration between 2.5 and 10% (v/v) resulted in an increase in 

the OTR of 70.2%. However, condition where KLa was depressed below that 

in water, the elevated oxygen solubility may not always compensate for the 

increased requirement for oxygen transfer in alkane-based processes. For 

example, addition of alkane from 0 to 2.5% (v/v) for 800 and 1000 rpm found 

an increase in the OTR of only 19 and 10%, respectively, despite a 36% 

increase in . In addition, an increase of 43.5% in  between 10 and 

20% (v/v) for agitation rates of 600, 800 and 1000 rpm, found a decrease in 

the OTR of 2.3, 13.3 and 8.8%, respectively. Thus, regions do exist where the 

influence of K

L,satC L,satC

La depression on the OTR outweighs the increase in  L,satC .
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Figure 4.27: Behaviour of oxygen transfer rate in agitated alkane-aqueous 

dispersions 

Consequently, despite the considerably increased  in alkane-based 

bioprocesses this study underlines the critical importance of the quantification 

of K

L,satC

La in alkane-aqueous dispersions and the necessity for a predictive model 

to define locales of optimum KLa. 

These considerations underline the critical importance of the quantification of 

KLa behaviour in alkane-aqueous dispersions and the necessity for a 

predictive model to define locales of optimum KLa and OTR. 
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5. Conclusions 

The quantification of KLa has been extensively documented in aqueous 

systems with several empirical models available for prediction. However, its 

behaviour in hydrocarbon-based systems is less well understood. Further, the 

prediction of KLa in hydrocarbon-aqueous dispersions is complex. The 

development of a fundamental understanding of KLa behaviour in these 

systems is imperative, as well as the identification and quantification of the 

parameters which underpin this behaviour, if reliable predictive models are to 

be developed. This study identifies and quantifies the parameters which 

underpin the behaviour of KLa in alkane-aqueous dispersions and explains 

KLa behaviour in terms of the process condition which influence these 

parameters. 

To provide consistent and valid values of KLa, it is essential that the method 

for its measurement is accurate and reliable. The gassing out method is the 

most extensively used method of KLa determination in hydrocarbon-aqueous 

dispersions. However, concerns as to the accuracy of this method have been 

raised. Recently, the pressure step method has been developed. However, as 

far as we can ascertain, the pressure step method has not yet been examined 

in hydrocarbon-aqueous dispersions. In this study, the validity of the gassing 

out and pressure step methods were evaluated and compared in an n-C10-13-

aqueous dispersion at discrete alkane concentrations of 0, 2.5, 5, 10 and 20% 

(v/v) for agitation rates of 600, 800, 1000 and 1200 rpm. 

The comparison between the gassing out and pressure step methods in an 

alkane-aqueous dispersion, demonstrated a significant deviation in KLa values 

obtained by these methods, at higher agitation rates such that a deviation of 

34 to 50% (depending on the alkane concentration) occurred at 1200 rpm. 

Both methods for KLa determination assume homogeneous mixing within the 

system. The pressure step method satisfies this assumption as a step change 

in the oxygen concentration is induced though a pressure step change which 

changes the oxygen partial pressure in the gas bubbles simultaneously, 

irrespective of their size or position. However, the gassing out method induces 

a step in the oxygen concentration though the interchange of supplied gases 
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to the system. The initial (nitrogen) and newly supplied air mix only at a finite 

rate, whereas the assumption of ideal mixing suggests this process to take 

place instantaneously. This leads to a distribution of bubbles containing a 

range of oxygen concentrations. As the assumption of ideal mixing was invalid 

when using the gassing out method, the absorption driving force was 

overestimated and resulted in a dampening in KLa values. 

The degree to which nonideal mixing exists was dependent on the presence 

of an alkane phase and its concentrations as well as the level of turbulence 

within the system. These factors, in turn, determine the intensity of 

coalescence present in the system. Systems exhibiting higher coalescence 

rates are more ideally mixed than those with retarded coalescence rates and 

so will exhibit less deviation in the gassing out method.  

At high agitation rates, the coalescence rate is retarded by the high rate of 

bubble breakage. At agitation rate of 1200 rpm a deviation in KLa values of 

34.3 to 49.3% (depending on the alkane concentration) was observed. 

Decreasing the agitation rate to 1000 rpm decreased the deviation in KLa 

values to 5.5 to 32.7%. A further decrease in the agitation rate found this 

deviation decrease to 0.1 to 18%. At the lowest agitation rate, no significant 

deviation in KLa values was observed. 

The presence of alkane also affected the coalescence rate in the system. At 

an agitation rate of 800 rpm, a deviation in KLa values of 2.4 and 0.1% was 

observed for 2.5 and 20% (v/v), respectively. However, this deviation was 

significantly larger for alkane concentrations of 0, 5 and 10% (v/v) with 18.0, 

13.8 and 7.6% observed, respectively. Similar results were found at 1000 and 

1200 rpm, where alkane concentrations of 2.5 and 20% (v/v) resulted in 

relatively lower deviations which increased for alkane concentrations of 0, 5 

and 10% (v/v), respectively. The lower deviation in KLa values for 2.5 and 

20% (v/v) indicated that the presence of alkane enhanced the coalescence 

rate at these alkane concentrations, suppressing the influence of nonideal 

mixing in KLa determination.  

The difference in absorption rates of oxygen and nitrogen from the individual 

gas bubbles when air is used for absorption has been suggested to contribute 
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to nonideal mixing. The influence of interfacial nitrogen transport taking place 

simultaneously with oxygen transfer was taken into account in the pressure 

step method by incorporating a nitrogen and oxygen mass balance in the 

model evaluation used to calculate KLa. However, a maximum deviation of 

only 2% was found for all process conditions considered. Thus the effect of 

nitrogen transport was neglected. Since this was observed to have no 

influence in the pressure step method, it was likewise assumed not to 

influence the gassing out method. 

Inaccuracy in KLa determination by these methods could also conceivably be 

introduced by a lag in the response of the oxygen probe. Thus, the probe 

response was considered for both the gassing out and pressure step 

methods. The probe response was shown to have a large influence on the 

accuracy of KLa when using the pressure step method. However, when 

incorporating probe response into the calculation of KLa with the gassing out 

method, a maximum deviation of 6.5% in KLa values was observed when 

compared with those when the probe response was not taken into account. 

This relatively small deviation suggested that the probe response did not play 

a large influence in the error associated with the gassing out method. 

This suggests that the dampening of KLa values observed when using the 

gassing out method was entirely the result of an overestimation in the 

absorption driving force through an incorrect assumption of ideal mixing. The 

decreased sensitivity of the pressure step method to nonideal mixing and the 

negligibility of nitrogen transport, suggests that the pressure step method is 

the more accurate method of KLa determination when oxygen is absorbed 

from a gas mixture, provided that the probe response was incorporated into 

the defining equations and was used in this study. 

The behaviour of KLa was markedly influenced by the agitation rate, 

increasing significantly up to an agitation rate of 1200 rpm at 0, 2.5, 5, 10 and 

20 volume percent of alkane. For 0 and 20% (v/v) alkane concentration, KLa 

increased from 0.029 s-1 to 0.069 s-1 and 0.013 s-1 to 0.057 s-1, respectively, 

when the impeller speed was increased from 600 to 1200 rpm. Similar results 

for KLa enhancement at increasing agitation rate was observed for alkane 

concentrations of 2.5, 5 and 10% (v/v). 
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The increase in KLa with agitation rate for 600 to 1200 rpm, may be explained 

in part by the influence of enhanced turbulence on one or more of the 

parameters relating to the gas-liquid interfacial area, i.e. D32 and gas holdup. 

The increased agitation increased the turbulent shear and bubble breakup, 

leading to a concomitant decrease in D32 at agitation rates from 600 to 1200 

rpm for all alkane concentrations. The resulting reduced bubble size lowered 

the bubble rise velocity which increased the residence time of the gas bubbles 

in the liquid and the gas holdup increased steadily over the same range of 

agitation rates.  

The combined positive influences of decreased D32 and increased gas holdup 

led to a corresponding increase in the interfacial area per unit volume at 

agitation rates from 600 to 1200 rpm for all alkane concentrations. The direct 

association between KLa and the interfacial area implies that the interfacial 

area is a major factor defining the KLa in this agitation range. 

Unlike the pressure step method, the KLa values obtained from the gassing 

out method increased significantly up to an agitation rate of 1000 rpm with a 

subsequent dampening of KLa values at 1200 rpm. This decline in KLa has 

been shown to be a result of the inherent error of nonideal mixing associated 

with the gassing out method. Quantification of bubble sphericity, as an 

indication of the surface rigidity, proved that decreased internal mass transfer 

was not a contributing factor in the KLa decline. 

The behaviour of KLa was, in addition, strongly influenced by the 

concentration of alkane. A marked difference in this influence was observed at 

alkane concentration above and below 5% (v/v) alkane. This suggests that a 

number of factors contribute to the influence of alkane on KLa, and that the 

predominance of these factors vary with alkane concentration. 

Between 2.5 and 5% (v/v), an increase in the alkane concentration 

corresponded to an increased KLa (except at the lowest agitation of 600 rpm). 

However, above 5% (v/v), only KLa depression was observed. The increase in 

KLa on alkane addition led to an optimum alkane concentration with respect to 

maximal KLa. Maximum KLa values at 5% (v/v) of 0.042 s-1, 0.060 s-1 and 
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0.072 s-1 were observed for agitation rates of 800, 1000 and 1200 rpm. These 

KLa peaks correspond to one of the three distinct KLa behavioural trends 

(Type 1 behaviour) identified and defined from literature studies. At agitation 

of 600 rpm, KLa depression was observed for all alkane concentrations. This 

KLa depression corresponded to the Type 3 behaviour.  

However, the same trends obtained from the pressure step method upon 

alkane addition were also observed for the gassing out method. Maximum KLa 

values existed at 10% (v/v) when the gassing out method was used. As a 

result, studies which have published KLa trends obtained from the gassing out 

method may still be used to give insight into the factors which underpin its 

behaviour. 

Alkanes present in the liquid phase affect the liquid phase physicochemical 

properties, thus influencing the bubble coalescing behaviour. Bubble 

coalescence in turn influences the interfacial area through its effect on D32 

and gas holdup. 

D32 decreased upon addition of alkane for agitation rates of 800 rpm and 

above. On the other hand, an increase in the alkane concentration had a 

different effect on the gas holdup at each of the agitation rates examined. 

Between 2.5 and 5% (v/v) gas holdup increased with alkane addition for 

agitation rates of 800 rpm and above. At alkane concentrations above 5% 

(v/v), alkane addition depressed gas holdup for all agitation rates.  

The combined effects of decreased D32 and increased gas holdup at alkane 

concentrations between 2.5 and 5% (v/v) for agitation rates of 800 rpm and 

above resulted in a positive influence on the interfacial area. The enhanced 

interfacial area was a likely consequence of a positive influence by the alkane 

which tends to decrease the surface tension. The reduction in surface tension 

retards coalescence rates resulting in smaller D32 with a lower rise velocity 

and, therefore, an increase in gas holdup, both of which serve to amplify KLa 

through increased available transfer area. 

As the alkane concentration was increased above 5% (v/v), the interfacial 

area decreased due to the decrease in gas holdup even though a decrease in 

D32 was observed. This decrease in interfacial area corresponded with the 

 153



KLa depression observed for this alkane concentration range. This suggests 

composite influences of the alkane on KLa and that a negative influence 

predominated over this range. The negative influence is thought to be caused 

by an increase in viscosity. Alkanes increase viscosity, which damps 

turbulence, thereby reducing KLa macroscopically through attenuated bubble 

breakup, and microscopically though increased resistance to molecular 

diffusion. Viscosity also enhances bubble coalescence and the entrapment of 

a greater amount of air per bubble during formation, which together with 

attenuated bubble breakup, decreases KLa though a decrease in interfacial 

area. The effect of viscosity, which is an underlining parameter at alkane 

concentrations smaller than 5% (v/v), becomes increasing more important, 

overriding the surface tension effect and becoming the controlling factor at 

concentration above 5% (v/v). 

The behaviour of KLa in alkane-aqueous dispersions is the result of a complex 

interaction of alkane concentration and turbulence under process conditions 

typically imposed during alkane bioprocesses. The KLa trends are shaped by 

the pressures imposed by fluid turbulence and physicochemical properties of 

the dispersion, through alteration of a number of parameters such as D32, gas 

holdup, surface tension, viscosity and diffusivity. Three regimes of KLa 

behaviour were defined by the pressures imposed by alkane concentration 

and agitation. 

Regime 1 is constrained between alkane concentrations of 2.5 and 5% (v/v) 

and agitation rates of 800 rpm and above. In this regime, KLa enhancement is 

directly associated with increased interfacial area and is the major factor 

defining KLa. Regime 2 is constrained by alkane concentrations higher than 

5% (v/v) and agitation rates of 800 rpm and above. In this regime, the 

influence of viscosity predominated, exerting multiple negative influences on 

KLa, through both the interfacial area and oxygen transfer coefficient. Regime 

3 is constrained at agitation rates smaller than 800 rpm for all alkane 

concentrations. Here, only KLa depression was observed with increasing 

alkane concentration. This suggests that under these conditions the 

contribution of turbulence was insufficient to reduce the negative effect of 

viscosity on interfacial area. The actual values of the regime constraints 
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presented here may be system-specific, but the trend will have wide 

applicability to all alkane-aqueous dispersions.  

The maximum attainable oxygen transfer rate is limited both by the maximum 

saturation oxygen solubility and KLa. The oxygen solubility is approximately 

six-fold greater in the n-C10-13 alkane concentration than in water, resulting in 

a corresponding increase in the liquid saturation oxygen concentration with 

increasing alkane concentration. Regions of KLa enhancement existed where 

OTR benefited from the combined increases in KLa and oxygen solubility. For 

example, at 1200 rpm, an increase in alkane concentration between 2.5 and 

10% (v/v) resulted in an increase in the OTR of 70.2%. However, regimes of 

KLa behaviour exist where KLa depression may lead to a suboptimal OTR. For 

example, addition of alkane from 0 to 2.5% (v/v) for 800 and 1000 rpm found 

an increase in the OTR of only 19 and 10%, respectively, despite a 36% 

increase in the saturation oxygen concentration. In addition, an increase of 

43.5% in CL, sat between 10 and 20% (v/v) for agitation rates of 600, 800 and 

1000 rpm, found a decrease in the OTR of 2.3, 13.3 and 8.8%, respectively.  

These considerations underline the critical importance of the quantification of 

KLa behaviour in hydrocarbon-aqueous dispersions despite the higher oxygen 

solubility in hydrocarbons. This study not only identifies regimes for optimal 

KLa, but it also provides a fundamental understanding of the underlying 

parameters such as D32 and gas holdup, on the behaviour of KLa, through 

their influence on interfacial area, essential in the prediction of KLa. 
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6. Recommendations 

The following recommendations are listed for further work: 

• The presence of microorganisms is likely to influence the oxygen transfer. 

For instance, different types of microorganisms may occupy different 

locations in the aqueous phase, with some positioning on the 

hydrocarbon-aqueous interface, yet others in the body of the aqueous 

phase, resulting in different resistances to transfer en route from gas 

bubble to microorganism. The results of studies to date in hydrocarbon-

aqueous dispersions incorporating microorganisms are, however, not 

conclusive. In view of the time constraints of this study, the effect of an 

additional (solid) phase was not included here. However, the influence of a 

solid phase should be considered for the final prediction of regimes of 

optimum KLa and OTR. 

• Gas solubilities in liquids have been reported and predicted in literature for 

many years. Many attempts have been made to correlate gas solubilities, 

but success has been limited because, on one hand, reliable experimental 

data are not plentiful and a satisfactory theory for gas-liquid solutions has 

not been established (Reid et al. 1987). The prediction of oxygen solubility 

in alkane-aqueous dispersions is especially problematic due to the 

immiscible nature of the system. As such, a large scope exists for 

prediction and determination of gas solubilities in hydrocarbon-aqueous 

dispersions. 

• The trends for KLa and interfacial area observed in this study upon 

addition of alkane have been explained in terms of the predominance of 

both the surface tension and viscosity. However, further work should be 

performed to quantify the effect of physical parameters such as density, 

viscosity, surface tension, diffusivity and droplet size and their individual 

influence on KLa and OTR in alkane-aqueous dispersions. 

• The KLa trends exhibited in this study indicates a very careful resolution is 

needed between 0 and 5% (v/v) alkane concentration to fully characterise 

the peaks and troughs in KLa. 
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Appendix I: GC response factors and analyses 

The concentrations of different alkane components in a sample of n-C10-13 

were anlysed using a GC column (Chrompack CO-Wax 52 CB (30m x 

G53mm x 1 μm) #CP8738). The response factors for the alkane components 

as well as the calculated alkane analyses are given in Table A.1.  

Table A.1: GC response factors and analyses 

Alkane sample Alkane 
component 

GC response 
factors (min) 

Repeat #1      
(% m/m) 

Repeat #2      
(% m/m) 

n-C10 1.49 9.1 9.7

n-C11 1.69 25.5 28.2

n-C12 2.02 27.3 27.6

n-C10-13

n-C13 2.56 27.8 27.8

Total: 89.7 93.3
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Appendix II: Bioreactor equipment 

A detailed description of the piping and instrumentation for the New Brunswick 

Bio Flo 100 bioreactor is given in Figure A.1.  

 
Figure A.1: Piping and instrumentation diagram for BF-110 bioreactor (New 

Brunswick Scientific 2005) 
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Appendix III: Polarographic oxygen probe 

The dissolved oxygen in the dispersion was measured using a 12 mm sensor 

InPro 6800 polarographic oxygen probe (Figure A.2). The operating 

conditions, construction, dimensions and performances of the InPro 6800 

oxygen probe are given in Table A.2. 

The basic principle of measurement for a membrane covered polarographic 

oxygen probe is that the partial pressure in the liquid medium can be related 

to the current output of the probe, provided that the oxygen diffusion is 

controlled by the membrane covering the cathode (Lee and Taso 1979). The 

cathode, anode and the electrolyte are separated from the measuring medium 

with a membrane which is permeable to gas but not to most of the ions. The 

reaction proceeds as follows: 

Cathodic reaction:  2 2O 2H O 2e−+ +   2 2H O 2OH−→ +  

2 2H O 2e−+    2OH−→  

Anodic reaction: Ag Cl−+    AgCl e−→ +  

Overall reaction:   2 24Ag 4Cl O 2H O−+ + + 4AgCl 4OH−→ +

The reaction of oxygen at the cathode is so fast that the rate of reaction is 

limited by the diffusion of oxygen across the membrane to the cathode 

surface. The resistance imposed by the membrane is dependent on the 

mixing and physicochemical characteristics of the liquid phase which 

determine the size of the liquid film at the membrane surface. 

However, when viscous dispersions are used, this resistance becomes 

significant and the influence of the probe response lag needs to be taken into 

account. Linek et al. (1989c) proposed a model whereby the transient 

characteristics of the probe with significant liquid film effect can be 

determined.  
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Figure A.2: 12 mm sensor InPro 6800 polarographic oxygen probe 
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Table A.2: Characteristics for InPro 6800 polarographic oxygen probe 

Operating conditions 

Pressure resistance measurement 2.9 – 87.0 psi 

Mechanical pressure resistance Max. 174 psi absolute 

Measuring temperature range 0…80˚C 

Temperature range -5…140˚C (sterilizable / autoclavable) 

Construction 

Temperature compensation Automatic with built in RTD 

Cable connection Vario Pin (IP 68) 

O-ring material Viton®, Silicone (FDA approved) 

Membrane material Teflon® / Silicone / Teflon ® (Reinforced with 
steel mesh) 

Wetted metal parts Stainless steel DIN 1.4435 / AISI 326L 

Surface roughness of wetted metal parts N5 

Quick disconnect interior body Standard 

Cathode Pt 

Anode Ag 

Guard ring No 

Dimensions 

Sensor diameter 12 mm 

Immersion length (a) for 12 mm sensor 70, 120, 220, 320, 420 mm 

Performances 

Detection limit 6ppb 

Accuracy 1% or 4ppb 

Response time at 25˚C (air → N2) 98% of final value <90s 

Sensor signal in ambient air (25˚C) 40…110nA 

Residual signalin oxygen-free medium < 0.1% of the signal in ambient air 

Maximum flow error ≤ 5% 
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Appendix IV: Equipment used for the pressure step 
method 

A Pneumax electronic proportional pressure regulator was used to regulate 

and measure a pressure step change in the bioreactor (Figure A.3). The 

pressure regulator was controlled using a HMI, where the pressure was 

controlled using an input and output signal of 4 to 20 mA (Figure A.4). A digital 

read out on the regulator was used to compare with the pressure signals sent 

to the HMI. In addition, two independent pressure gauges were used to 

calibrate and measure pressure in the bioreactor. The characteristics for the 

electronic pressure regulator are given in Table A.3. 

In addition to the electronic pressure regulator, three other pressure regulators 

were used (Figure A.5 and Figure A.6). These regulators were positioned and 

calibrated too create two air feed lines with different pressures. 

 
Figure A.3: Dimensions for Pneumax electronic proportional pressure 

regulator (171E2B.C.F.0005) (Pneumax 2007) 

 195



 
Figure A.4: Top view of connector for Pneumax electronic proportional 

pressure regulator (171E2B.C.F.0005) (Pneumax 2007) 

 
Figure A.5: Dimensions for Pneumax filter pressure regulator (17004.B.B.C.P) 

(Pneumax 2007) 
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Table A.3: Characteristics for Pneumax electronic proportional pressure 

regulator (171E2B.C.F.0005) 

Fluid 20μm filtered dry air 

Maximum air flow rate 4000 L/min 

Power supply 24 VDC ±10% 

Current consumption < 0.12 A 

Input signal 4-20 mA 

Input current impedance 250 Ω 

Output signal (analog) 4-20 mA 

Linearity ≤ ±1% 

Hysteresis ≤ ±1% 

Repeatability ≤ ±1% 

Sensibility ≤ ±1% 

Electrical connection 8 pin DIN 45326 connector 

Enclosure IP 65 

Body Anodized aluminium 

Poppet valves Brass with vulcanized NRB rubber 

Diaphragm NBR 

Seals NBR 

Cover Technopolymer 

Materials 

Spring AISI 302 

Minimum inlet pressure Set pressure +100 kPa 

Maximum inlet pressure 1000 kPa 

Outlet pressure 20 to 900 kPa 

Ambient temperature -5 to +50˚C 

Maximum fitting torque force 15 Nm 

Mounting position Any 

Inlet port thread G 1/4'’ 

Outlet port thread G 1/4'’ 

Exhaust port thread G 1/8” 
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Table A.4: Characteristics for Pneumax filter pressure regulator (17004.B.B. 

C.P) 

Bowl capacity 17 cm3

Filter pore size 20μm 

Pressure range 0 – 800 kPa 

Maximum ambient temperature (at 1000 kPa) 50˚C 

Maximum inlet pressure 1300 kPa 

Maximum fitting torque on zinc alloy body 30 Nm 

Assembly position Vertical 

Connections G 1/4” 

Pressure gauge connections G 1/8” 

Wall mounting screws M4 

 

 
Figure A.6: Dimensions for Pneumax filter pressure regulator (17004.B.D) 

(Pneumax 2007) 
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Table A.5: Characteristics for Pneumax filter pressure regulator (17004.B.D) 

Pressure range 0 – 1200 kPa 

Maximum ambient temperature (at 1000 kPa) 50˚C 

Maximum inlet pressure 1300 kPa 

Maximum fitting torque on zinc alloy body 25 Nm 

Assembly position Any 

Connections G 1/4” 

Pressure gauge connections G 1/8” 

Wall mounting screws M4 

 
Two Cole-Parmer rotameters was used to measure the gas flow rate in each 

of the pressure lines feed to the bioreactor Figure A.7. The rotameters were 

calibrated with the supplied calibration curve for air (Figure A.8). 

 
Figure A.7: Dimensions for Cole-Parmer 150 mm correlated rotameter, 316 

SS with glass float and valve (Cole-Parmer 2002) 
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Table A.6: Characteristics for Cole-Parmer 150 mm correlated rotameter, 316 

SS with glass float and valve 

Maximum air flow rate 8678 mL.min-1

Accuracy ± 2% full-scale 

Repeatability ± 0.25% 

Housing 316 Stainless steel 

Flow tube Borosilicate glass 

Fitting 316 Stainless steel 

Valve 316 Stainless steel 

o-ring VITON ® 

Material 

Float Glass 

Maximum operating temperature 121˚C 

Maximum pressure 1380 kPa 

Connections 1/8” NPT(F) 

 

 
Figure A.8: Rotameter calibration data for air (Cole-Parmer 2002) 
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Appendix V: Estimating physical properties 

Estimation of binary liquid diffusion coefficients 

The most widely used correlation for a binary liquid diffusion coefficient of a 

solute, i, in a solvent, j, is the Wilke-Chang estimation method (equation A.1) 

(Wilke and Chang 1955).  

j w, j8
L, ij 0.6

L, j v, i

T M
D 7.4 10

M
x

ψ

μ
−=  (A.1) 

The association factor which accounts for hydrogen bonding in the solvent, is 

recommended to be 2.6 if the solvent is water, 1.9 if methanol, 1.5 if ethanol 

and 1.0 if the solvent is unassociated.  

Tyn and Calus (1975b) proposed DL be estimated according to equation A.2. 
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where PA,i and PA,j are parachors for the solute and solvent. The parachor is 

related to the liquid surface tension as: 

1 4
A vP M σ=  (A.3) 

Combining equations A.2 and A.3 gives: 
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 (A.4) 

The molar volume of oxygen is 25.6 cm3.mol-1 (Welty et al. 1984). However, 

experimental data to obtain the molecular volume at  for further chemical 

species does not usually exist. Several estimation methods are available such 

as the Schroeder (Partington 1949) and Le Bas (1915) additive methods and 

the Tyn and Calus method (equation 

bT

A.5) (Tyn and Calus 1975a). Reid et al. 

(1987) recommended using the Tyn and Calus method finding an average 

error of 2% or less for over 32 compounds including hydrocarbons.  

1.048
vM 0.285V= c  (A.5) 
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Hayduk and Minhas (1982) proposed several correlations for the liquid 

diffusion coefficients depending on the type of solute-solvent system. For 

solutes in aqueous solutions: 

( ) v,i

9.58 1.12
M8 0.71 1.52

L, ij v,i L,jD 1.25 10 M 0.292 Tx μ
⎛ ⎞

−⎜ ⎟⎜ ⎟− − ⎝ ⎠= −  (A.6) 

For nonaqueous (nonelectrolyte) solutions: 
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−
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⎜ ⎟⎜ ⎟
⎝= ⎠  (A.7) 

The results for binary diffusion coefficient of oxygen and nitrogen in water, n-

C10, n-C11, n-C12 and n-C13 using the Wilke-Chang correlation (equation A.1) 

gave satisfactory results, comparing well with the experimental data available 

(Table A.7). Results for the other correlations (equations A.2, A.6 and A.7) do 

not compare as well as the Wilke-Chang equation. The results for these 

correlations are given as comparison.  

Table A.7: Calculated and experimental results for the oxygen liquid diffusion 

coefficient 

 H20 n-C10 n-C11 n-C12 n-C13

Wilke-Chang 1 2.10E-05 4.29E-05 3.45E-05 2.83E-05 2.36E-05 
Tyn and Calus 2 1.96E-05 3.08E-05 2.41E-05 1.92E-05 1.56E-05 
Hayduk and Minhus 3 1.81E-05     
Hayduk and Minhus 4  3.09E-05 2.46E-05 2.01E-05 1.67E-05 
Literature results 2.10E-05 5, 6   3.00E-05 7  
1: Equation A.1, 2: Equation A.2, 3: Equation A.6, 4: Equation A.7, 5: Ju and Ho (1989), 6: 
Zhao et al. (1999), 7: McMillian and Wang (1990), 8: Linek and Benes (1976) 

Table A.8: Calculated and experimental results for the nitrogen liquid diffusion 

coefficient 

 H20 n-C10 n-C11 n-C12 n-C13

Wilke-Chang 1 1.84E-05 3.77E-05 3.03E-05 2.49E-05 2.08E-05 
Tyn and Calus 2 1.88E-05 2.97E-05 2.31E-05 1.84E-05 1.50E-05 
Hayduk and Minhus 3 1.66E-05     
Hayduk and Minhus 4  2.92E-05 2.33E-05 1.90E-05 1.57E-05 
Literature results 1.77E-05 8     
1: Equation A.1, 2: Equation A.2, 3: Equation A.6, 4: Equation A.7, 5: Ju and Ho (1989), 6: 
Zhao et al. (1999), 7: McMillian and Wang (1990), 8: Linek and Benes (1976) 
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The liquid diffusion coefficient in multi-component liquid mixtures results when 

a solute diffuses through a homogeneous solution of mixed solutes. Perkins 

and Geankoplis (1969) evaluated several methods and suggested equation 

A.8. 

n
0.8 0.8

L,i mix L, mix j L,ij L,j
j 1
j

D x D
i

μ μ
=
≠

∑  (A.8) 

 
Liquid viscosity of a mixture 

Teja and Rice (1981a; 1981b) proposed a correlation for viscosity of a liquid 

mixture according to equation A.9. The authors reported excellent results for 

highly polar organic-aqueous systems where the organic concentration is less 

than 20% (v/v). 
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where subscripts 1 and 2 refer to two reference fluids. The parameter ξ  is 

defined according to equation A.10. 
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The mixture parameters are calculated according to the following equations: 
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w,mix i w,i
i

M x= ∑ M  (A.13) 

mix i i
i

xω ω= ∑  (A.14) 

( )31 3 1 3
c,i c,j

c,ij

V V
V

8
+

=  (A.15) 

( )1 2

c,ij c,ij c,i c,j c,i c,jT V T T V Vζ=  (A.16) 

 203



ζ  is an interaction parameter of order unity which must be found from 

experimental data (Reid et al. 1987). The viscosity data for the two pure 

reference fluids are to be obtained at a temperature equal to equations A.17 

and A.18, respectively 

c,1
1

c,mix

T
T T

T
=  (A.17) 

c,2
2

c,mix

T
T T

T
=  (A.18) 

Reid et al. (1987) recommended the Teja-Rice procedure for aqueous 

solutions were an error of a few percent was expected 

 
Henry’s constant for a mixture 

The Henry’s constant for a solute in a liquid solvent can be provided by the 

approximation (Reid et al. 1987): 

n

mix j j
j 1

lnH x lnH
=

= ∑  (A.19) 
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Appendix VI: Computer program for calculation of KLa 
via the pressure step method 

KLa was measured using the pressure step method. The pressure step 

method is based on a model which takes into account the simultaneous 

transport of oxygen (equations 3.6 and 3.9) and nitrogen (equation 3.12) 

induced by a pressure step change in the system. The computer program was 

written in Matlab®. 

%******************************************************************** 
%Input values 
%********************************************************************  
    %Time input values 
    n = 1; 
    t = 1; % [s] 
    t0 = 0; %   [s] 
    deltaTime = 1;  %  [s] 
    endTime = 206; 
    endT = endTime/deltaTime; 
     
    %KLa input values 
    startKLa = 0.0421; %    [s-1] 
    deltaKLa = 0.0001; %    [s-1] 
    endKLa = 0.0423; %      [s-1] 
    frame = 3; 
     
    %Oxygen concentration regression coefficients 
    %The oxygen concentration profile measured for each run was      

fitted to a model and are used to determined a profile for the      
program 

    a0 = 1.000350; 
    a1 = 1.014795; 
    a2 = 0.042539; 
    a3 = 0.039060; 
    a4 = 0.040562; 
    beta = [a0 a1 a2 a3 a4]'; 
     
    %Constants – Values obtained from Table 3.3 or measured as shown 

in Appendix IV. 
    %Nitrogen diffusion coefficient in the liquid phase 
    Do = 2.1e-9; %    [m2.s-1] 
    %Oxygen diffusion coefficient in the liquid phase 
    Dn = 1.77e-9; %    [m2.s-1] 
    %Nitrogen distribution coefficient 
    mn = 6.82e-6; %        [mol.m-3.Pa-1] 
    %Oxygen distribution coefficient 
    mo = 13.8e-6; %    [mol.m-3.Pa-1] 
    %Gas Holdup: Assumed constant 
    Vg = 0.022; %         [-] 
    %Universal gas constant 
    R = 8.314472; %    [m3.Pa.K-1.mol-1] 
    %Absolute temperature 
    T = 273.15 + 22; %    [K] 
    %Liquid volume 
    VL = 0.005; %    [m3] 
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    %Water vapour pressure in the gas: Assumed constant 
    pw = 2643.5295; %  [Pa] 
    %Atmospheric pressure                        
    Patm = 101325; %  [Pa] 
    %Pressure step 
    Pstep = 17000; %    [Pa] 
    %Total pressure at steady-state 1 & 2 
    p1 = 0*Pstep + Patm; %  [Pa]    
    p2 = 1*Pstep + Patm; %  [Pa] 
    deltaP = p1/p2; 
    %Oxygen concentration in the liquid phase at steady-state 1 & 2 
    co1 = 0.21*mo*(p1 - pw); % [mol.m-3] 
    co2 = 0.21*mo*(p2 - pw); % [mol.m-3] 
    %Nitrogen Concentration in the liquid phase at steady-state 1 & 2 
    cn1 = 0.79*mn*(p1 - pw); %   [mol.m-3]  
    cn2 = 0.79*mn*(p2 - pw); %   [mol.m-3] 
    %Oxygen partial pressure at steady-state 1 & 2 
    po1 = 0.21*(p1 - pw); %  [Pa]                          
    po2 = 0.21*(p2 - pw); %  [Pa] 
    %Molar fractions of water and oxygen     
    yw = pw/p2; %         [-] 
    yo = po1/(p1 - pw); %         [-] 
    %Probe transient characteristics 
    A = 0.68327949; 
    K1 = 0.0859092; 
    K2 = 0.0859093; 
     
%******************************************************************** 
%Determining the KLa value 
%********************************************************************     
%The KLa value for a given process is determined by calculating the 
response of the mass balance model over a range of KLa values. The 
KLa value which was used to calculate the response that was the 
least error is the KLa value for that process condition. 

 
for KLaset = startKLa:deltaKLa:endKLa 
    time(1,n) = 0; 
      
    for t = 1:1:endT % [s] 
    KLa(t,n)  = KLaset; %     [s-1] 
    countn(n) = n; 
    countt(t) = t; 
 
    %**************************************************************** 
    %Initial conditions for equations 3.6, 3.9, 3.12 and 3.16 
    %**************************************************************** 
        Xo(1,n) = 0; %         [-] 
        P(1,n) = 0; %         [-] 
        Yo(1,n) = 0; %         [-] 
        Xn(1,n) = 0; %         [-] 
    %**************************************************************** 
    %Input oxygen concentration and pressure profiles  
    %**************************************************************** 

%Oxygen concentration profile using the input regression 
coefficients 
coexp(t,:) = a0 - (a1*exp(-a2*time(t,n))) - (a3*time(t,n) * 

exp(-a4*time(t,n))); 
        if coexp(t,:) < 0; 
           coexp(t,:) = 0; 
        end 
        if coexp(t,:) > 1; 
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           coexp(t,:) = 1; 
        end 

 
%Pressure profile 

        %Pressure at time = t 
        if time(t,n) <= 3; 
           p(t,n) = 0*Pstep + Patm;                             
        else if time(t,n) <= 4; 
                p(t,n) = 0.058823*Pstep + Patm; 
            else if time(t,n) <= 6; 
                    p(t,n) = 0.64706*Pstep + Patm; 
                else if time(t,n) <= 7; 
                        p(t,n) = 0.82352*Pstep + Patm; 
                    else if time(t,n) > 7; 
                            p(t,n) = 1*Pstep + Patm; 
                        end 
                   nd  e
                end 
            end 
        end 
     
        P(t,n) = (p(t,n) - p1)/(p2 - p1); 
  
        %Pressure at time = t + 1 
        if time(t,n) <= 2; 
           p(t+1,n) = 0*Pstep + Patm;                             
        else if time(t,n) <= 3; 
                p(t+1,n) = 0.058823*Pstep + Patm; 
            else if time(t,n) <= 5; 
                    p(t+1,n) = 0.64706*Pstep + Patm; 
                else if time(t,n) <= 6; 
                        p(t+1,n) = 0.82352*Pstep + Patm; 
                    else if time(t,n) > 6; 
                            p(t+1,n) = 1*Pstep + Patm; 
                        end 
                    end 
               nd  e
            end 
        end 
  
        P(t+1,n) = (p(t+1,n) - p1)/(p2 - p1); 
        pwa(t,n) = pw; 
     
    %**************************************************************** 
    %Solve for mass balances of equations 3.6, 3.9, 3.12 and 3.16 
    %**************************************************************** 

  %Equations 
Xo(t+1,n) = (KLa(t,n)*(Yo(t,n) - Xo(t,n))*deltaTime) +   

Xo(t,n); 
Xoa = KLa(t,n)*(Yo(t,n) - Xo(t,n));  
Xn(t+1,n) = ((KLa(t,n)*((Dn/Do)^0.5)*(((P(t,n) - (Yo(t,n) 

*yo))/(1 - yo)) - Xn(t,n)))*deltaTime) + Xn(t,n); 
Xna = KLa(t,n)*((Dn/Do)^0.5)*(((P(t,n) - (Yo(t,n)*yo))/(1 - 

yo)) - Xn(t,n)); 
Vgi(t,n) = ((Vg*(P(t,n) + ((deltaP - yw)/(1 - deltaP)))) + 

(Vg*((P(t+1,n) - P(t,n))/deltaTime)) + (R*T*VL* 
((mo*yo*Xoa) + (mn*(1 - yo)*Xna))))/((1 - yw)/(1 - 
deltaP)); 

Yo(t+1,n) = ((((Vgi(t,n)/Vg)*((1 - yw)/(1 - deltaP))) - 
(Yo(t,n) + ((deltaP - yw)/(1-deltaP))) - ((R*T*VL 
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*mo*KLa(t,n)*(Yo(t,n) - Xo(t,n)))/(Vg))) * 
deltaTime) + Yo(t,n); 

        co(t,n) = (Xo(t,n)*(co2 - co1)) + co1;     
        cn(t,n) = (Xn(t,n)*(cn2 - cn1)) + cn1; 
        po(t,n) = (Yo(t,n)*(po2 - po1)) + po1; 
        pn(t,n) = p(t,n) - po(t,n) - pw; 
  
        Y(t,n) = (coexp(t,1) - Xo(t,n))^2;     
        time(t+1,n) = time(t,n) + deltaTime; 
    end 
  
        sumY(n) = sum(Y(:,n)); 
           
    %**************************************************************** 
    %Probe response 
    %**************************************************************** 
        %As an optional step, probe response was taken into account 

through the convolution integral of equation 3.19 
        %The calculated oxygen profile from the mass balance model is 

fitting according to equation 3.20 
  beta1 = [a2]'; 

betafit = nlinfit(time(1:end-1,n),Xo(1:end-1,n), 
@hougenchange2,beta1); 

    K(n) = betafit(1); 
         
        time2(1,n) = 0; 
        for t2 = 1:1:endT 
            Xo_model(t2,n) = 1 - exp(-K(n)*time2(t2)); 
            time2(t2+1,n) = time2(t2,n) + deltaTime; 
        end 
         

%The response of the oxygen probe equation 3.18 to an 
exponential process (equation 3.20) is calculated according 
to equation 3.21 

        time5(1,n) = 0; 
            for t5 = 1:1:endT; 
                for x2 = 1:1:10; 

C1(x2,n) = ((-1)^(x2)) * ((K(n) * exp(-(x2^2) * 
K1 * time5(t5,n))) / (((x2^2) * K1) - 
K(n))); 

C2(x2,n) = ((-1)^(x2)) * ((K(n) * exp(-(x2^2) * 
K2 * time5(t5,n))) / (((x2^2) * K2) - 
K(n))); 

                end 
                 

    Gm(t5,n) = 1 - (A * ((((pi * ((K(n)/K1)^0.5)) /  
(sin(pi * ((K(n)/K1)^0.5)))) * exp(-K(n) 
* time5(t5,n))) + (2 * sum(C1(:,n))))) - 
((1-A) * ((((pi * ((K(n)/K2)^0.5)) / 
(sin(pi * (((K(n)/K2)^0.5)))) * exp(-K(n) 
* time5(t5,n))) + (2*sum(C2(:,n)))))); 

                 
                time5(t5+1,n) = time5(t5,n) + deltaTime; 
            end 
             
            Gm1(n) = Gm(1,n); 
            Gm2(n) = Gm(end,n); 
             
            for t6 = 1:1:endT; 
                GmNorm(t6,n) = (Gm(t6,n)-Gm1(n))/(Gm2(n) - Gm1(n)); 
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Y2(t6,n) = (coexp(t6,1) - ((Gm(t6,n)-Gm1(n)) /(Gm2(n) 
- Gm1(n))))^2; 

            end 
  
            sumY2(n) = sum(Y2(:,n)); 
          
 n = n + 1; 
 end    
  
The range of objective functions, sumY2, was calculated corresponding to the 

range of KLa values. The KLa value for given process conditions corresponded 

to the lowest objective function, sumY2. 
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Appendix VII: Equipment used for image acquisition 

Table A.9: Characteristics for MegaPlus® Model ES 1.0 Camera 

CCD Imager 

Imaging device Kodak KAI-1010M solid-sate CCD with micro lens 

Sensor readout Interline, progressive scan 

Pixel size 9 μm (square format) 

Resolution 1008 H x 1018 V (1026144) 

Pixel spacing 9 μm, vertical and horizontal 

Active area 9.1 horizontal x 9.2 mm vertical 

Fill factor 55% 

Image quality 

Bit depth 8 or 10 bits 

48 dB 8-bit Dynamic range 

≥ 58 dB 10-bit 

Temporal noise < 3% rms 

Linearity > 95% 

Camera exposure and control 

Camera output Digital video (two channels: single and dual modes) 

Saturation illumination 0.037μJ.cm-2 @ 550 nm 

5020 8-bit counts/μW/cm2 – second @ 550 nm Responsivity 

20900 10-bit counts/μW/cm2 – second @ 550 nm 

Anti-blooming 100 times at 30-millisecond exposure with a gain of 1 

Pixel clock rate 20 MHz/channel 

≈ 30 fps in dual channel mode Frame rate 

≈ 15 fps in single channel mode 

Exposure settings Electronic shutter, 127 μs to 33 ms in dual channel, 
continuous mode 

Interface RS-232, RS-422, ERS-485 Multi-drop 

Operation modes Continuous, controlled, triggered and double exposure 

Gain settings 3 digital gain modes: x1, x2, x4 

Black level Clamped to black reference at the start of each frame 

Gamma Unity 

Synchronization Pixel clock internal 

Operating temperature 0 to 40˚C, noncondensing 

Storage temperature -25 to +80˚C, noncondensing 

Operating humidity < 80% @ 40˚C 

Storage humidity < 40% @ 80˚C 
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Camera mechanical 

Housing Two piece sheet metal steel case 

Dimensions 50.8 x 68.6 x 152.4 mm 

Lens C-mount 

Weight Approximately 0.68 kg 

Mount One 1/4 – 20 threaded hole with locating pin hole 

Vibration 3G, sinusoidal from 5 to 150 Hz 

Shock 20G (non-operating) 
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Appendix VIII: Computer program for image 
processing 

A computer program was written in Matlab® using in-house tools from the 

imaging acquisition and imaging processing toolboxes, to analyze images 

containing gas bubbles in an alkane-aqueous dispersion. A bubble can be 

easily detected in an image if the bubble has sufficient contrast from the 

background. A series of functions were used, including edge detection and 

basic morphology tools. 

%******************************************************************** 
%Step 1: Read image 
%******************************************************************** 
    %Read in the |bubble.tiff| image, which is an image of a 

dispersion of gas bubble. 
    %The function ‘imread’ supports jpeg, tiff and bitmap. The Tiff 

format was used as it is a high quality image containing the 
most colour information of the imaging formats. 

    I = imread('bubble.tiff');            
    figure(1), imshow(I), title('Original image'); 
  
%******************************************************************** 
%Step 2: Manual Cropping  
%******************************************************************** 

%The function ‘imcrop’ is used to crop the image to a specified 
rectangle containing the area of interest. 
imageCrop = imcrop(I(:,:,1)); 

    figure(2), imshow(imageCrop) 
     
%******************************************************************** 
%Step 3: Enhance Image 
%******************************************************************** 

%Prior to processing the image, several options are available to 
enhance the image: Filtering and contrast enhancing 

     
%%Filter Image 
%The ‘fspecial’ function produces several kinds of predefined 
filters, in the form of correlation kernels.  

    H = fspecial('unsharp', 0.5); 
     

%This may be applied directly to the image data using the 
function ‘imfilter’. 

    imagesharp = imfilter(imageCrop,H); 
    figure(3), imshow(imagesharp);  
     

%Median filtering produces each output pixel as an average of the 
pixel values in the neighbourhood of the corresponding input 
pixel as determined by the median of the neighbourhood pixels. 

    Medfilter = medfilt2(imageCrop); 
    figure(4), imshow(Medfilter);  
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    %% Enhance Contrast 
%The intensity contrast in the image is maximized by using the 
‘adapthosteq’ function, which performs contrast-limited adaptive 
histogram equalization. Rescale the image intensity using 
‘imadjust’ so that it fills the data type's entire dynamic 
range. 

    claheI = adapthisteq(imageCrop,'NumTiles',[10 10]); 
    claheI = imadjust(claheI); 
    figure(5), imshow(claheI); 
 
%******************************************************************** 
%Step 4: Detect bubbles using |edge| function 
%******************************************************************** 

%After image preprocessing, the bubbles in an image are detected 
by finding the edges of the bubbles. The bubble detection is 
also called segmentation. The bubbles to be segmented differ 
greatly in contrast to the background of the image. These 
changes in contrast in an image were detected by operators that 
calculate the gradient of an image. Operators to calculate the 
gradient of an image include the Sobel and Canny operators. To 
use these operators to create a binary gradient mask, the ‘edge’ 
function was used. 

    [BinMask, thresh] = edge(imageCrop, 'sobel');       %sobel, canny 
    figure(6), imshow(BinMask) 
  
%******************************************************************** 
%Step 5: Dilate the image 
%******************************************************************** 

%The calculated binary gradient mask shows lines of high contrast 
in the image. However, these lines are broken up and do not 
quite delineate the outline of the bubbles. Gaps can be seen in 
the lines making up the bubble outlines. These linear gaps were 
closed by dilation using linear structuring elements. These 
elements were created using the ‘strel’ function. The binary 
gradient mask is then dilated in both the vertical and 
horizontal direction using the ‘imdilate’ function. 

    se90 = strel('line', 2, 90); 
    se0 = strel('line', 2, 0); 
    BinMaskdil = imdilate(BinMask, [se90 se0]); 
    figure(7), imshow(BinMaskdil) 
  
%******************************************************************** 
%% Step 6: Fill interior holes in the bubbles 
%******************************************************************** 

%The dilated binary mask showed the outline of the bubbles. The 
interior of the bubbles were then filled using the ‘imfill’ 
function. 

    BinMaskdfill = imfill(BinMaskdil, 'holes'); 
    figure(8), imshow(BinMaskdfill); 
  
%******************************************************************** 
%% Step 7: Remove bubbles connected to border 
%******************************************************************** 

%All the bubbles of interest were now segmented. However, any 
bubbles connected to the border of the image were removed using 
the ‘imclearborder’ function. The connectivity in the 
‘imclearborder’ function was set to 4 to remove diagonal 
connections 

    BWnobord = imclearborder(BinMaskdfill, 4); 
    figure(9), imshow(BWnobord) 
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%******************************************************************** 
%Step 8: Erode the image 
%******************************************************************** 

%After the bubbles connected to the border have been removed, the 
image is then eroded to its original size with a dimond 
structuring element. Again the element was created using the 
‘strel’ function. 
 seD = strel('disk',1); 

     BWfinal = imerode(BWnobord, seD); 
     BWfinal = imerode(BWfinal, seD); 
     figure(10), imshow(BWfinal),  
  
%******************************************************************** 
%Step 9: Remove noise in the image 
%******************************************************************** 

%All noise which did not belong to the bubbles in the image were 
removed. Therefore, all objects containing fewer than 30 pixels 
were removed using the function ‘bwareaopen’. 

    bw = bwareaopen(BWfinal,30); 
    figure(11), imshow(bw) 
     
%%%DATA EXTRACTION 
%******************************************************************** 
%Step 10: Display bubble outlines 
%******************************************************************** 

%The segmented bubbles can be alternatively displaced by placing 
an outline around each bubble. The outline is created by the 
‘beperim’ function. 

    BWoutline = bwperim(BWfinal); 
    Segout = I;  
    Segout(BWoutline) = 255;  
    figure(12), imshow(Segout) 
  
     
%******************************************************************** 
%Step 11: Find the boundaries 
%******************************************************************** 

%The boundaries are found using the ‘bwboundaries’ function. To 
accelerate the process, the option, ‘noholes’ was used. This 
function concentrates on finding only the exterior boundaries. 

    [B,L,N] = bwboundaries(bw,'noholes'); 
  
    %Display the label matrix and draw each boundary 
    figure(13), imshow(label2rgb(L, @jet, [.5 .5 .5])) 
    pixval 
    hold on 
    for k = 1:length(B) 
        boundary = B{k}; 
        plot(boundary(:,2), boundary(:,1), 'g', 'LineWidth', 1) 
    end 
  
%******************************************************************** 
%Step 12: Scaling the image 
%********************************************************************    
    %Scaling data is obtained using the ruler method 
    prompt={'Enter the scale in mm',... 
            'Enter the scale in pixels:'}; 
    def={'1','1'}; 
    dlgTitle='Scaling: user input required'; 
    lineNo=1; 
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    answer=inputdlg(prompt,dlgTitle,lineNo,def); 
    Scaledata = str2num(char(answer{:})); 
    scale=Scaledata(1)/Scaledata(2); 
  
%******************************************************************** 
%% Step 13: Extract Data 
%******************************************************************** 

%Information on each bubble was estimated using the function 
‘regionprops’. Using this function, estimates of the area and 
other information were obtained for all the bubbles.  
stats = regionprops(L, 'Area', 'Centroid', 'Majoraxislength', 
'Minoraxislength', 'Eccentricity', 'EquivDiameter' , 
'Perimeter'); 

    threshold = 0.76; 
  
    % loop over the boundaries 
    for k = 1:length(B) 
        Number(k) = k; 
     
        %Obtain (X,Y) boundary coordinates corresponding to label 'k' 
        boundary = B{k}; 
  
        %Obtain the area calculation corresponding to label 'k' 
        area = stats(k).Area; 
        perimeter = stats(k).Perimeter; 
   
        % display the results 
        metric_string = sprintf('%d',k); 
  
        %Scaling of parameters 
        areascale(k) =area.*scale^2; 
        perimeterscale(k) = perimeter.*scale; 
        majoraxisscale(k) = (stats(k).MajorAxisLength)*scale; 
        minoraxisscale(k) = (stats(k).MinorAxisLength)*scale; 
        equivdiameterscale(k) = (stats(k).EquivDiameter)*scale; 
     
    end 
  
    title(['Metrics closer to 1 indicate that ',... 
           'the object is approximately round']); 
  
%******************************************************************** 
%Step 14: Write data to excel spreadsheet 
%******************************************************************** 

[stat] = xlswrite('C:\Documents and Settings\Leslie Correia\ 
Desktop\Test.xls', [areascale]', 'Sheet2', 'C3') 
xlswrite('C:\Documents and Settings\Leslie Correia\Desktop\ 
Test.xls', [equivdiameterscale]', 'Sheet2', 'D3') 
xlswrite('C:\Documents and Settings\Leslie Correia\Desktop\ 
Test.xls', [perimeterscale]', 'Sheet2', 'E3') 
xlswrite('C:\Documents and Settings\Leslie Correia\Desktop\ 
Test.xls', [majoraxisscale]', 'Sheet2', 'H3') 
xlswrite('C:\Documents and Settings\Leslie Correia\Desktop\ 
Test.xls', [minoraxisscale]', 'Sheet2', 'I3') 
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Appendix IX: Reproducibility of data 

The overall volumetric mass transfer coefficient 

Experiments which measured KLa were designed to give accurate results that 

can be replicated. These KLa experiments were repeated with several runs 

made for both the pressure step (Table A.10) and gassing out methods (Table 

A.11) for all alkane concentrations and agitation rates examined. The 

arithmetic average or calculated mean was used to describe a typical KLa 

value for a specific set of process conditions. In addition, the standard 

deviation is given to show the variability of the runs. A good agreement 

between runs was found for both the pressure step (Figure A.9) and gassing 

out methods (Figure A.10). 

Table A.10: KLa data obtained by the pressure step method 

n-C10-13 
concentration (v/v) 

Agitation 
(rpm) 

KLa run 1 
(s-1) 

KLa run 2 
(s-1) 

Average of 
runs 

Standard 
deviation of runs 

600 0.0272 0.0243 0.0258 0.00200

800 0.0485 0.0440 0.0463 0.00317

1000 0.0579 0.0601 0.0590 0.00158

0% 

1200 0.0709 0.0664 0.0686 0.00318

600 0.0253 0.0258 0.0255 0.00034

800 0.0304 0.0327 0.0315 0.00162

1000 0.0432 0.0457 0.0445 0.00180

2.5% 

1200 0.0608 0.0618 0.0613 0.00074

600 0.0235 0.0212 0.0223 0.00166

800 0.0414 0.0421 0.0417 0.00050

1000 0.0593 0.0614 0.0604 0.00150

5% 

1200 0.0723 0.0720 0.0721 0.00026

600 0.0183 0.0198 0.0191 0.00112

800 0.0382 0.0365 0.0374 0.00121

1000 0.0513 0.0514 0.0514 0.00008

10% 

1200 0.0711 0.0694 0.0702 0.00122

600 0.0128 0.0132 0.0130 0.00030

800 0.0228 0.0224 0.0226 0.00031

1000 0.0328 0.0325 0.0326 0.00025

20% 

1200 0.0568 0.0569 0.0569 0.00007
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Table A.11: KLa data obtained by the gassing out method 

n-C10-13 
concentration (v/v) 

Agitation 
(rpm) 

KLa run 
1 (s-1) 

KLa run 
2 (s-1) 

KLa run 
3 (s-1) 

KLa run 
4 (s-1)  

KLa run 
5 (s-1) 

KLa run 
6 (s-1) 

KLa run 
7 (s-1) 

KLa run 
8 (s-1) 

Average of 
runs (s-1) 

Standard 
deviation of runs 

600 0.0265 0.0257 0.0264 0.0254 0.0273    0.0263 0.00074 

800 0.0345 0.0358 0.0370 0.0343 0.0352   0.0354 0.00109 

1000 0.0377 0.0395 0.0379 0.0386 0.0373   0.0382 0.00087 

0% 

1200 0.0368 0.0361 0.0367 0.0372 0.0368    0.0367 0.00040 

600 0.0242 0.0275 0.0255 0.0254 0.0240 0.0249 0.0268 0.0244 0.0253 0.00125 

800 0.0303 0.0317 0.0300 0.0300 0.0296 0.0290 0.0301 0.00090 

1000 0.0341 0.0352 0.0324 0.0328 0.0327 0.0333 0.0334 0.00106 

2.5% 

1200 0.0324 0.0299 0.0329 0.0331 0.0320 0.0297 0.0301 0.0315 0.0315 0.00138 

600 0.0226 0.0216 0.0212 0.0217 0.0233 0.0229 0.0234 0.0243 0.0226 0.00106 

800 0.0307 0.0326 0.0309 0.0319 0.0327 0.0318 0.0301 0.0315 0.00099 

1000 0.0357 0.0360 0.0361 0.0358 0.0374 0.0366 0.0354 0.0361 0.00067 

5% 

1200 0.0339 0.0345 0.0342 0.0355 0.0346 0.0352 0.0342 0.0346 0.00058 

600 0.0193 0.0210 0.0204 0.0202 0.0211 0.0204 0.00072 

800 0.0335 0.0316 0.0314 0.0311 0.0304 0.0316 0.00116 

1000 0.0397 0.0391 0.0380 0.0382 0.0376 0.0385 0.00086 

10% 

1200 0.0417 0.0400 0.0392 0.0389 0.0381 0.0396 0.00137 

600 0.0133 0.0139 0.0129 0.0130 0.0128 0.0132 0.00044 

800 0.0225 0.0226 0.0234 0.0230 0.0221 0.0227 0.00050 

1000 0.0292 0.0297 0.0302 0.0304 0.0294 0.0298 0.00051 

20% 

1200 0.0338 0.0351 0.0343 0.0335 0.0337 0.0341 0.00064 
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Figure A.9: Reproducibility of KLa values obtained from the pressure step 

method  

 

 
Figure A.10: Reproducibility of KLa values obtained from the gassing out 

method 

 Run 1,  Run 2,  Run 3,  Run 4,  Run 5,  Run 6,      

 Run 7,  Run 8 
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In addition to giving accurate KLa values, the experiments were designed to 

be compared to other systems exhibiting different system geometries and 

incorporating different hydrocarbons. The results of the recent studies of 

Williams (2005) and Clarke et al. (2006) were reproduced and the results 

compared (Table A.12). The authors used the same New Brunswick 

bioreactor incorporated in this study (Figure 3.1). However, the system 

geometry was configured a different geometric setup: Ht = Dt = 18 cm, Dt = 

3Di and Di = Si = Hi = 6 cm. A working volume of 4.35L was used at a 

temperature of 30˚C and aeration rate of 1.25 vvm under atmospheric 

conditions. The exact alkane cut, n-C12-13, as used by Williams (2005) and 

Clarke et al. (2006) was obtained from SASOL Ltd., South Africa. The alkane 

cut comprised approximate equal amounts of n-C12 and n-C13. The 

experiments were conducted using discrete alkane concentrations of 0, 2.5, 5, 

10% (v/v) n-C12-13, each at agitation rates of 600, 800, 1000 and 1200 rpm. 

Table A.12: KLa data obtained by the gassing out method with exact system 

geometry and alkane cut as used by Williams (2005) 

Process conditions KLa values by gassing out method 

n-C12-13 
concentration (v/v) 

Agitation 
(rpm) 

KLa run 
1 (s-1) 

KLa run 
2 (s-1) 

Average 
of runs 
(s-1) 

Standard 
deviation 
of runs 

KLa values 
by Williams 
(2005) (s-1) 

600 0.0319 0.0314 0.0317 0.00035 0.033

800 0.0410 0.0413 0.0412 0.00021 0.042

1000 0.0449 0.0462 0.0456 0.00092 0.046

0% 

1200 0.0453 0.0458 0.0456 0.00035 0.045

600 0.0275 0.0289 0.0282 0.00099 0.027

800 0.0424 0.0418 0.0421 0.00042 0.041

1000 0.0496 0.0480 0.0488 0.00113 0.048

2.5% 

1200 0.0484 0.0483 0.0484 0.00007 0.047

600 0.0170 0.0157 0.0164 0.00092 0.016

800 0.0441 0.0448 0.0445 0.00049 0.045

1000 0.0526 0.0524 0.0525 0.00014 0.053

5% 

1200 0.0509 0.0519 0.0514 0.00071 0.051

600 0.0145 0.0145 0.0145 0.00000 0.016

800 0.0380 0.0389 0.0385 0.00064 0.038

1000 0.0521 0.0508 0.0515 0.00092 0.052

10% 

1200 0.0504 0.0517 0.0511 0.00092 0.050
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Comparison between the KLa values published by Williams (2005) and Clarke 

et al. (2006) and those obtained in this study show little variation (Figure A.11)  

To ensure the oxygen probe gave reproducible results, the performance of the 

probe was evaluated in water at various process conditions. An example of 

probe performance is shown for agitation rate of 1200 rpm at 22˚C (Figure 

3.2). The dissolved oxygen data used for Figure 3.2 is given in Table A.13. 

Table A.13: Dissolved oxygen data for probe reproducibility tests in water at 

1200 rpm 

KLa (s-1) 0.0367 0.0372 0.0368 

L L, saC C t  
Time (s) 

18th April 2007 21st April 2007 28th April 2007

0 0.0% 0.0% 0.0%

10 0.4% 0.1% 0.2%

20 13.3% 11.8% 12.4%

30 37.0% 35.6% 36.2%

40 57.7% 56.7% 57.1%

50 72.3% 71.6% 71.8%

60 81.8% 81.5% 81.5%

70 88.0% 87.7% 87.8%

80 91.9% 91.7% 91.7%

90 94.5% 94.3% 94.3%

100 96.1% 96.0% 95.9%

110 97.2% 97.1% 97.0%

120 97.9% 97.8% 97.8%

130 98.4% 98.3% 98.2%

140 98.8% 98.6% 98.6%

150 99.0% 98.9% 98.9%

160 99.2% 99.1% 99.1%

170 99.3% 99.2% 99.2%

180 99.4% 99.3% 99.3%

190 100.0% 100.0% 100.0%
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Figure A.11: Reproducibility of KLa values obtained from the gassing out 

method with exact system geometry and alkane cut as used by 

Williams (2005) 

 Run 1,  Run 2 
 
The interfacial area per unit volume 

The experiments to measure gas holdup were replicate three times (Table 

A.14). A good agreement for all the runs was found for the gas holdup (Figure 

A.12). 

 
Figure A.12: Reproducibility of gas holdup values 

 Run 1,  Run 2,  Run 3 
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Table A.14: Gas holdup data 

n-C12-13 
concentration 
(v/v) 

Agitation 
(rpm) 

Gas holdup 
run 1 (s-1) 

Gas holdup 
run 2 (s-1) 

Gas holdup 
run 3 (s-1) 

Average 
of runs 

Standard 
deviation 
of runs 

600 2.96% 3.20% 3.44% 3.20% 0.0024
800 5.30% 5.76% 4.84% 5.30% 0.0046

1000 5.76% 6.21% 6.21% 6.06% 0.0026

0% 

1200 8.39% 7.96% 7.96% 8.11% 0.0025
600 2.24% 3.20% 2.72% 2.72% 0.0048
800 3.44% 4.15% 3.44% 3.68% 0.0041

1000 5.30% 4.84% 5.76% 5.30% 0.0046

2.5% 

1200 6.21% 6.87% 6.65% 6.58% 0.0034
600 2.00% 2.48% 2.48% 2.32% 0.0028
800 4.38% 3.91% 4.84% 4.38% 0.0047

1000 6.65% 6.21% 5.76% 6.20% 0.0045

5% 

1200 7.53% 7.96% 6.65% 7.38% 0.0067
600 2.00% 2.00% 2.48% 2.16% 0.0028
800 3.44% 3.91% 3.44% 3.60% 0.0027

1000 4.38% 4.38% 4.84% 4.53% 0.0027

10% 

1200 6.21% 5.30% 5.76% 5.75% 0.0045
600 1.01% 1.50% 1.50% 1.34% 0.0029
800 2.48% 2.96% 2.48% 2.64% 0.0028

1000 3.44% 3.44% 3.20% 3.36% 0.0014

20% 

1200 4.84% 4.38% 4.84% 4.69% 0.0027
 

The experiments to measure bubble diameters and bubble sphericity through 

image analysis was repeated twice for each system, 30 minutes apart, to 

ensue reproducibility and that steady-state had indeed been reached. For 

each system approximately 600 bubbles were measured. 

Basic statistics used to compare two sets of population data is based on the 

assumption that the populations in question exhibited normal distributions. 

However, bubble and sphericity distributions only exhibited normal behaviour 

at low alkane concentrations and low agitation rates. Increasing either the 

agitation rate or alkane concentration skewed the distribution to the left 

nullifying the assumption of normality. 
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To compare bubble distributions, a non-parametric distribution was fitted to 

each of the distributions and compared graphically. Examples of these 

distributions are given for 800 rpm (Figure A.13) and 1000 rpm (Figure A.14). 

From the results, the assumption can be made that steady-state was reached 

when measuring the images containing the air bubbles 

 
Figure A.13: Probability distribution of bubble diameters at 800 rpm at discrete 

alkane concentrations 

Run 1:  2.5% (v/v) alkane,  5% (v/v) alkane,  10% (v/v) 

alkane,  20% (v/v) alkane 

Run 2:  2.5% (v/v) alkane,  5% (v/v) alkane,  10% (v/v) 

alkane,  20% (v/v) alkane 
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Figure A.14: Probability distribution of bubble diameters at 1000 rpm at 

discrete alkane concentrations 

Run 1:  2.5% (v/v) alkane,  5% (v/v) alkane,  10% (v/v) 

alkane,  20% (v/v) alkane 

Run 2:  2.5% (v/v) alkane,  5% (v/v) alkane,  10% (v/v) 

alkane,  20% (v/v) alkane 
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