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CHAPTER I 

INTRODUCTION 
 

1.1 Motivations 

Current commercial manufactures of products such as pharmaceuticals (e.g. 

penicillins, streptomycins), enzymes, bulk chemicals (e.g. citric acid, ethanol), foods 

(e.g. vinegar, yoghurt, soy sauce, cheese, beer) and feeds (e.g. single cell protein) 

including treatment of several types of wastewaters rely significantly on the success in 

the cultivation of microbial populations. This, in several circumstances, is then 

dependent upon the availability of oxygen for microbial respiration in order for them 

to grow or to produce required products at proper rates as oxygen is often the least 

soluble and frequently the limiting nutrient. Hence, an enormous number of research 

works focused on the development of appropriate gas-liquid devices to obtain high 

oxygen transfer rate without necessitating high operating/installing costs.  

 Common gas-liquid contactors generally used in several biochemical 

processes are based on agitating type as these stirred reactors have been intensively 

examined and therefore commonly known among chemical engineers. However, there 

are several limitations on the use of such reactors; examples include high shear stress 

and high heat production which can easily be harmful to the cultivation of several 

shear sensitive microorganisms. Milder, pneumatic reactors such as bubble columns 

and airlift contactors were often proposed as alternative designs of gas-liquid 

contacting devices due to several reasons, e.g. adequate mixing and mass transfer, 

ease of design and maintenance. Table 1.1 provides a summary of the advantages and 

disadvantages of different types of reactors whereas Figure 1.1 is the simplified 

drawing of the reactors mentioned in this section.  

 Previous researches on airlift contactors with air-water systems have been 

extensively conducted which focused mainly on the effect of geometrical airlift 

contactors and liquid properties such as Limpanuphap’s investigation in 2003. She 

concentrated on the effect of hydrodynamics and gas-liquid mass transfer in internal 

loop airlift contactor running with sea water however the important parameter such as 
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bubble size distribution had not been investigated. Later, Tanthikul (2004) 

investigated the hydrodynamic and mass transfer of the large scale multiple draft tube 

airlift contactor with large cross sectional area operated with both fresh and sea water. 

Again, the bubble size had not been visited in this work due to the unavailability of 

the reliable measurement technique. Moreover, recent applications of airlift systems at 

the Biochemical Engineering Research Laboratory, Department of Chemical 

Engineering, Faculty of Engineering, Chulalongkorn University, involved the 

cultivation of saline water microorganisms as they are significant as a feed 

supplement in most aqua-culture larvae i.e. shrimp and fish such as the cultivation of 

Chaetoceros calcitrans (Loataweesup, 2002) and the culture of H. pluvialis for the 

production of astaxanthin (Kaewpintong, 2004) etc. All reported successful operation 

which emphasized the significance of airlift systems.  

 In spite of all above advantages, there are still limited numbers of research 

works on the behavior of airlift contactor operated with saline water. Thus this work 

concentrates on characterizing the performance of airlift contactors where important 

parameters such as bubble size distribution, hydrodynamics, and mass transfer 

behavior of such system under various operating and geometric designing conditions 

will be examined.  

 

1.2 Objectives 
1.2.1 To investigate the effect of salinity on bubble size characteristics, 

hydrodynamics in internal loop contactors 

1.2.2 To investigate the effect of superficial velocity and the ratio of downcomer to 

riser cross sectional areas on the behavior of internal loop airlift reactors 

running with sea water at different salinity levels 

1.2.3 To investigate the effect of bubble size on gas-liquid mass transfer 

characteristics operated with sea water in the internal loop airlift reactors. 
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1.3 Scopes of this work   

1.3.1 The investigations are restricted to bench-scale internal loop airlift contactors 

(ALCs) with annulus sparger and dimensions as shown in Table 3.1. 

1.3.2 The systems are operated in an air-water and air-saline water systems with 

salinity of 15, 30 and 45 ppt. 

1.3.3 In all investigations, the ALC systems are subjected to the following 

assumptions: 

 Power consumption and gas composition are constant.  

 The system is isothermal which operates at 25oC, and the effect of the 

dynamics of the dissolved oxygen at electrode is negligible. 

 The system is operated at atmospheric pressure. 

1.3.4 Only those bubbles within the focal region of the camera will be measured for 

their sizes.  

1.3.5 The investigations of mass transfer characteristics are restricted to oxygen 

transfer only. 

1.3.6 In the investigations of superficial velocity and hydrodynamic behavior, gas 

density is considered negligible compared to the density of the liquid. 

 



Table 1.1 Comparison of gas-liquid contacting devices  
              (Chisti, 1989; Wongsuchoto, 2002 and Limpanuphap, 2003) 
 

 

Type of gas-liquid contacting device Advantages Limitations 

1.   Stirred tank reactor (STR) 1)   Well defined performance and scale up 1)  High power consumption per unit volume of liquid 

 2)   High mass transfer 2)   Difficulty in avoiding contamination due to seal of shaft 

 3)   Easy control of the gas dispersion and medium 3)   High shear stress and lack of uniformity in the fields of shear 

 mixing by stirrer speed 4)   Low oxygen transfer efficiency with respect to power input 

 4)   Efficient gas dispersions by stirrers 5)   Production of high degree of heat 

 5)   Suitable for highly viscous media  

   

2.   Bubble column (BC) 1)   Simplicity of design and construction: no moving  1)   Low mass transfer efficiency in gas-liquid system 

 mechanical part needed for agitation 2)   Lack of uniformity of liquid flow path 

 2)   Ease of maintenance  

 3)   Eliminating the danger of contamination through seals  

 4)   Low power consumption 
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  Type of gas-liquid contacting devices Advantages                                  Limitations 

3.   Airlift contactor (ALC) 1)   Simplicity of design and construction: no moving 1)   Low mass transfer efficiency in gas-liquid system 

 mechanical part needed for agitation  

 2)   Ease of maintenance  

 3)   Eliminating the danger of contamination through seals  

 4)   Low power consumption  

 5)   Low capital cost  

 6)   Low and homogeneous shear stress region and uniform 
turbulence  

 7)   Better defined flow pattern  

 8)   Controllable liquid circulation rate  
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Gas in Gas in

Gas out Gas out Gas out  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)  (b) (c) 
 
 
 
Figure 1.1 The type of gas-liquid contactors: (a) stirrer tank reactor, (b) bubble column, (c) airlift contactor



 

CHAPTER II 

BACKGROUNDS & LITERATURE REVIEW 
 

2.1 Airlift contactors 
Airlift contactors (ALCs) consist of a liquid pool divided into two distinct zones. The 

different gas holdups in the aerated and unaerated zones cause different bulk densities 

of the fluid in these regions resulting in fluid circulation in the system (Chisti, 1989). 

The airlift contactors can be divided into two groups and three different regions as 

delineated below. 

 

2.1.1 Type and configuration of airlift contactors 

There are two basic classes of airlift contactors as shown in Figure 2.1: 

 (1)  Internal loop airlift contactors which is a simple bubble column split into 

a riser and a downcomer by an internal baffle (Figure 2.1 (a)-(c). 

 (2)  External loop airlift contactors where riser and downcomer are two 

separated columns connected by horizontal tubes (Figure 2.1 (d)). 

 

2.1.2 Three main regions of airlift contactors (Schematic flow directions shown in 

Figure 2.2) 

Airlift contactors consist of three main sections: 

 (1) Riser: Gas is introduced into this section. Due to energy/momentum 

transfer, liquid flows co-currently with gas bubbles upwards along the length of the 

contactor.  

 (2) Gas-liquid separator: Most gas bubbles disengage from the liquid pool at 

this section. The degassed fluid becomes heavier than that in the riser and starts to 

move down into the downcomer.  

 (3) Downcomer: This section allows the downflow of liquid. Some small 

bubbles can also be dragged down the downcomer by the inertial force of the 

circulating liquid. The fluid recirculates back to the riser again at the bottom of the 

contactor.    
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 Some stated that airlift contactors should consist of four main sections where 

the area that liquid flows from downcomer to riser is considered as an additional, 

bottom section. However, this section is usually very small compared to the other 

three sections and the effects of this section have so far not been visited. Further work 

in this regard is also currently under investigation in our research group.  

 

2.2 Gas-liquid hydrodynamics and mass transfer  
The aeration in airlift contactors causes turbulence and mixing in the system. 

However, due to the difference in gas distribution, the various compartments of the 

airlift contactors behave differently from each other both in terms of mass transfer and 

hydrodynamic performances. In fact, there are interrelationships between the various 

parameters and the behavior of the system as illustrated in Figure 2.3. Details on 

hydrodynamic behavior and gas-liquid mass transfer characteristics of the airlift 

systems are described below.  

 

2.2.1 Hydrodynamics behavior  

2.2.1.1 Gas holdup 

The volume fraction of the gas-phase in the gas-liquid dispersion is known as the gas 

void fraction or the gas holdup. The holdup affects the residence time of gas and the 

gas-liquid interfacial area which are important for gas-liquid mass transfer and 

therefore it is important that this quantity be examined for the operation of any gas-

liquid contactors. The overall gas holdup (ε ) can generally be calculated from: o

LG

G
o VV

V
+

=ε                                        (2.1)  

where  and  are the volumes of gas and liquid in the contactor, respectively. 

Riser (ε

GV LV

r) and downcomer gas holdups (ε ) are related to the overall gas holdup (εd o) 

from the following equation (assuming gas separator is resembled by the vertical 

extensions of riser and downcomer sections up to the liquid surface).  

dr

ddrr
o AA

AA
+
+

=
εε

ε     (2.2)  

Eq. (2.2) is derived through geometric parameters of reactors with uniform cross 

sectional riser and downcomer with the same height.  
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 Often the gas holdups in the airlift contactors or other gas-liquid contactors are 

determined using empirical correlations to take into account the non-ideal behavior of 

the systems. For airlift cases, Wongsuchoto (2002) and Limpanuphap (2003) provided 

reviews on the available correlations regarding the gas holdups and other operating 

variables of the system. Table 2.1 is an extension of the abovementioned review 

where additional literature during 2003-2005 was included. In general, gas holdups 

varied with superficial gas velocity but the extent of the gas holdup at certain specific 

gas velocity depended significantly on the configuration of airlift systems. Also 

properties of medium could impose dramatic deviation in the gas holdups.   

 

2.2.1.2 Liquid velocity 

The liquid circulation occurs due to two main causes. Firstly, the upward movement is 

induced from the energy/momentum balance from the input gas at the bottom of the 

contactor. Secondly, the differences in the fluid densities in riser and downcomer can 

also cause substantial liquid movement between the two sections. Generally, liquid 

velocity is measured in terms of linear liquid velocity defined as:  

t
xv L

L =   (2.3) 

where xL is the liquid path length and t is the average time for one complete 

movement. The superficial liquid velocity is the velocity calculated from the empty 

column (with no barrier) and therefore is different from the true linear velocity. The 

true velocity is always higher than superficial velocity as the area for the liquid 

movement is always blocked by the gas bubbles. The linear liquid velocities in 

riser, , and in downcomer,  can be related to superficial velocity from:  Lrv Ldv

1
Lr

Lr
r

uv
ε

=
−

   (2.4) 

and 

1
Ld

Ld
d

uv
ε

=
−

   (2.5) 

There are various techniques to measure linear liquid velocity (v , vLr Ld) such as a 

classic, color tracer injection method, where other electrolytic agents like KCl or acid 

and base tracers (HCl/NaOH solutions) can also be used as a tracer.  
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 The superficial velocities are measured either in the riser (uLr) and the 

downcomer (uLd) where the relationship between the two quantities can be expressed 

using mass balance principle as: 

dLdrLr AuAu =   (2.6) 

This allows the estimation of one liquid velocity when the other is known.  

 Similar to gas holdups, liquid velocities were usually determined using 

empirical correlations to incorporate the non-ideal behavior of the systems. Table 2.1 

summarizes some recent work regarding the estimate of liquid velocity in the airlift 

systems.  

 

2.2.2 Gas-liquid mass transfer  

Gas-liquid mass transfer rate is important particularly for the aerobic systems where 

the transfer of sparingly soluble oxygen could significantly limit the growth/reaction 

rate. In the gas-liquid contacting systems, the mass transfer between phases is often 

described by the Two-Film model where both liquid and gas films on both sides of the 

bubble could exert some mass transfer resistance (Figure 2.4). Often, the mass 

transfer resistance on the liquid side is significantly greater than that in the gas side, 

and the overall mass transfer resistance is controlled mostly by the resistance of the 

liquid film.  

At steady-state mass transfer of molecular oxygen diffuses from gas phase 

across interface into bulk liquid phase can be postulates as (Seader and Henley, 1998):  

LAA
L

LAB
GAA

G

GAB
A bigig

ccDppDN )()()()(
−=−=

δδ
   (2.7) 

where NA is molar flux of A (sparingly soluble species), (DAB)G, (DAB)L are diffusivity 

in gas and liquid phase respectively. and are concentration of A in bulk gas 

and at interface and ,  are concentrations of A  in bulk liquid and at interface, 

respectively.  

giAp
gAp

bAc
iAc

 In cases where the equilibrium can be explained by Henry’s law, and kg is 

considerably larger than kL (as the gas phase diffusivities are vastly greater than those 

in liquids, i.e. D 4 
oxygen in air ~ 10 × Doxygen in water at 20οC) (Bailey and Ollis, 1986), 

the overall flux expressed as the overall concentration driving force is: 

  )(
b

  (2.8)                                   AALA cckN −= ∗
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kL is known as the overall mass transfer coefficient based on liquid phase 

concentration and cA* is equilibrium concentration with partial pressure in the bulk 

gas.  

 Often the gas-liquid mass transfer rate and the flux are related by: 

dt
dc

aN O
O

2

2
=      (2.9) 

where a is the specific mass transfer area which is equal to the total mass transfer area 

divided by the dispersed volume in the system. Therefore the rate of oxygen mass 

transfer at steady-state can be written as: 

)(
22

2
OOL

O ccak
dt

dc
−= ∗   (2.10) 

where kLa is the overall volumetric mass transfer coefficient, and is the 

equilibrium oxygen and dissolved oxygen concentration at any time t in the liquid, 

respectively. 

∗

2Oc
2Oc

 The potential rate of mass transfer is typically reflected in the term kLa where 

the measurement of such quantity often follows the dynamic method as described in 

Section 3.3.4. In the case where the specific interfacial area (a) is known, the mass 

transfer coefficient, k , can simply be calculated from (Chisti, 1989): L

a
akk L

L =   (2.11) 

a can be obtained using the information on Sauter mean diameter (dBs) and gas holdup 

(ε) as follows:  

)1(
6

ε
ε
−

=
Bsd

a   (2.12) 

A large number of literature demonstrated the relation between kLa and other 

operating/design variables. These have been reviewed by Wongsuchoto (2002), 

Limpanuphap (2003) and Tanthikul (2004). In general, the overall volumetric mass 

transfer coefficient varied with superficial velocity. Airlift configuration such as the 

ratio between the areas of downcomer and riser also played a significant part in 

controlling the mass transfer rate. Limpanuphap (2003) and Tanthikul (2004) also 

proved that the gas distributor and the medium properties significantly affected the 

behavior of the system.  
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2.3 Flow regimes 
The movement of gas and liquid phases in the vertical tube leads to a number of flow 

patterns or regimes depending on the characteristics of mediums and vessel such as 

fluid properties, tube size and distribution of gas and liquid depending on gas velocity. 

Teitel and Bornea (1980) and Kantarci et al. (2005) classified four basic patterns of 

fluid flow based on liquid circulation and bubble characteristics such as coalescence 

and break-up as shown in Figure 2.5. In general however, flow regimes in pneumatic 

contactors could be divided into two types: (i) homogeneous (bubbly-flow) and (ii) 

heterogeneous (churn-turbulent) bubbling regimes where the relationship between gas 

holdup and superficial gas velocity could be illustrated as depicted in Figure 2.6, 

(Snape et al., 1995, Zahradnik et al., 1997, Olmos et al., 2003 and Tsao- Jen and Po-

Chou, 2005). Flow regimes affected the bubble size in the column and, as a result, 

influenced oxygen mass transfer rate from gas to liquid. In most cases, the bubble 

flow regime allowed a maximum amount of gas residing in the column (Shah, 1983), 

however, the mass transfer coefficient for this flow regime was rather low as there 

was little turbulence involved with the flow. Churn turbulence, on the other hand, 

although allowed gas bubbles to pass through rapidly which resulted in a rather low 

gas holdup, created a better mixing between gas and liquid which, in turn, led to a 

lower mass transfer resistance, or higher specific rate of mass transfer. The ultimate 

rate of mass transfer therefore significantly depended on operating conditions.  

 

2.4 Bubble size distribution 
2.4.1 Determination of bubble size distribution  

There are several methods generally employed for the determination of interfacial 

area, for instance, the Danckwerts method which was based on the absorption of CO2 

in sodium or potassium carbonate–bicarbonate buffer solutions, dynamic gas 

disengagement method and photographic technique. In practice, bubble size is 

measured in terms of Sauter mean diameter, dBs, which refers to a diameter of a 

sphere with the same volume as the bubble: 

   
∑

∑

=

==

1

2
,

3
,

1

i
iBi

iB
i

i

Bs

dn

dn
d                       (2.13) 
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where ni is the bubble number having an equivalent sphere diameter, dB,i and dB is the 

sphere diameter with the same volume as ellipsoidal bubble (see detail in Section 

3.3.1).  

B

 The entire range of ascending bubbles velocity can be tentatively divided into 

four regions (Treybal, 1980 and Kafarov, 1985):  

1) dB < 0.7 mm: The bubbles behave like solid particles and the their velocities  

are governed by Stokes’ law which is depended on liquid properties and 

particle characteristic; 

2) 0.7 mm < dB < 1.4 mm: The bubbles retain the spherical shape but internal 

circulation appears, thus decreasing the stress on the interface. The ascent 

velocity exceeds the value calculated by Stokes’ law;  

3) 1.4 mm < dB < 6.0 mm: The bubbles are no longer spherical and ascend in zig-

zag manner. The resistance to their motion increase due to the hydrodynamic 

trail formation. A change in the bubble diameter does not have significant 

effect on the ascent velocity; 

4) dB > 6 mm: The bubbles are bowl-shaped. The limiting ascent velocity 

 increases with the bubble diameter. 

 

Most previous reports concentrated on the system without interaction between 

bubbles. In actual situation, bubbles occur in swarm and the interaction between them 

is utterly unavoidable. In these cases, the bubble size, especially in air-water systems, 

varies depending on contactor and distributor configurations. Mostly literatures 

demonstrated that higher gas flow rate often caused the bubble size to grow smaller in 

size and resulted in a log-normal size distribution. A larger diameter and a high 

number of annular sparger led to a larger bubble size, (Wongsuchoto et al., 2003). In 

the vicinity of gas sparger, an increase in gas flow rate often enlarged the bubble size 

whereas an increase in a number of holes resulted in the opposite result. Moreover, 

bubble size distribution near the sparger region was sensitive to the distance between 

holes (pinch), and a decreased pinch caused a reduction in bubble size, (Polli et al., 

2002). As the bubbles traveled through the column to the top section, their sizes 

became smaller. This was due to the interaction between the bubbles which led to a 

breakup of the bubbles, and this was more pronounced at increasing gas velocity 

condition, (Colella et al., 1999, Polli et al., 2002 and Wongsuchoto et al., 2003). 
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 In many industrial devices, bubbles are formed by forcing gas through an 

orifice into a pool of liquid. As the force is directed towards the center of the bubbles, 

the resulting bubble shape is normally sphere. As bubbles travel through the system, 

its size changes depending on liquid and gas properties which are, in turn, related to 

buoyant and surface forces. General equation for gas bubble growing at a circular 

orifice shown as (De Nevers, 1991):  
3/1

)(
6

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

−
=

g
d

d
gl

o
b ρρ

σ   (2.14) 

where db is bubble diameter, do is orifice diameter, ρ , ρl g are liquid density and gas 

density, respectively.  

   

The bubble size distribution depended on medium physical properties such as 

density, surface tension, viscosity. In aqueous electrolyte systems, the interaction of 

bubbles at the orifice depended on the surface elastic value, E. This value was 

proportional to 
24
⎟
⎠
⎞

⎜
⎝
⎛=

dc
d

DkT
cE γ , when c is the solute concentration, D the interfacial 

thickness and γ  the surface tension. A higher value of E (NaCl concentration above 

0.1 M) inhibited bubble coalescence after leaving the orifice, producing smaller 

bubbles particularly at high gas flow rate, (Hofmeier et al., 1995 and Weissenborn et 

al., 1996). At low gas flow rate (QG < 1 ml/s), the bubble sizes in cationic and anionic 

surfactants were smaller than those in tap water because of dynamic surface tensions. 

On the other hand, at higher gas flow rate related to static surface tension that 

controlled by the power dissipated and break up and coalescence phenomena, 

(Painmanakul et al., 2005).  

 Moreover large bubble size formation was found in high viscosity medium for 

example as CMC (high surface tension), due to breakage and demotes coalescence. 

However in low viscosity for example as electrolytes was lower surface tension 

caused to smaller bubble formation, (Mouza et al., 2005).  

 

2.4.2 Bubble size and gas-liquid mass transfer  

Bubble size can be related to the gas-liquid mass transfer coefficient, kL, using several 

reported correlations. For instance, the Frossling’s equation stated that k  varied with L
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the square root of bubble rise velocity (which was a function of bubble size) 

(Painmanakul et al., 2005):  

q
UD

k BO
L π

22=   (2.15) 

where UB is bubble rise velocity, q is minor axes of ellipsoidal bubble and is 

oxygen diffusivity, m /s. This equation was valid for the cases of rigid sphere bubbles 

with the size in the range from 0.1 - 2.0 mm. For larger bubbles (d

2ODB

2

BB > 2.5 mm), the 

Higbie’s theory for mobile sphere could be applied: 

)6.02( 3/12/1 ScRe
d
Dk

B
L +=   (2.16) 

where D is gas diffusivity, m2/s. Note that this investigation was performed in a 

bubble column. Wongsuchoto et al. (2003), however, reported that the mass transfer 

coefficient in the airlift system was constant, independent of the aeration rate. The 

overall volumetric mass transfer coefficient was, on the other hand, increased as the 

specific interfacial area (a) increased with gas flow provided the flow was still in the 

churn turbulent regime.  

 

2.5 Effects of geometry and liquid properties on airlift contactor 

performance 
Liquid properties play a significant role in dictating the airlift system performance; for 

instance, the density of sea water depends on temperature, salinities and pressure. For 

airlift systems, as an increase in salinity leads to an increase in liquid density, this 

consequently affects the liquid circulation. Viscosity is a type of liquid property that 

measures the resistance of liquid motion; for example, lowering CMC (carboxy 

methyl cellulose) concentration often led to a higher liquid velocity in comparison 

with solutions with high CMC concentration, (Guo-Qing et al., 1995). As large 

bubbles were formed with the solution with low CMC, bubble rise velocity and liquid 

velocity were also high. Usually, surface tension (σ) is the attraction force between 

molecules in the liquid with the direction towards the center of the bubble. There are a 

number of literatures dealing with effects of configuration and medium on 

performance of airlift contactor and these are summarized in Table 2.2. 
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 When gas is purged through the riser of the column, it causes the dissipation 

of energy and shear rate and the level of energy dissipation varied from location to 

location within the column. Contreras et al. (1999) operated the concentric airlift with 

different sizes and types of spargers in sea water system, and they showed that the 

largest dissipated energy was in the riser, followed by that in the gas separator, and 

the smallest in the downcomer, respectively. The shear rate behaved differently 

depending on the type of flow regime that occurred in the system, and mostly shear 

rate was ordered from large to small as the bottom, the gas separator, the riser, and the 

downcomer, respectively. Small orifices were also shown to create low shear force, 

(Merchuk et al., 1998 and Contreras et al., 1999).  

 The overall mass transfer coefficient is a variable to demonstrate the 

efficiency of oxygen gas transfer from gas to liquid medium. This quality depends 

notably on the system geometry and liquid properties. In the uniform bubbly flow, 

spargers with smaller pores resulted in higher kLa than the system with large sparger 

pores, (Contreras et al., 1999). When compared between the various mediums, higher 

kLa was obtained from the system which created smaller bubbles, for instance, 

systems running with sea water would have higher kLa than that obtained with fresh 

water, (Contreras, et al, 1999). In addition, the airlifts running with a highly viscous 

carboxymethyl cellulose (CMC) solution exhibited much lower kLa than systems with 

lower viscosity, (Guo-Qing et al., 1995 and Vasconcelos et al., 2003). Moreover, kLa 

in the gas separator was higher than those in riser and downcomer, (Guo-Qing et al., 

1995). The addition of chemicals into the system could also change the level of kLa. 

For instance, in most biological systems, antifoam was added to prevent the excessive 

formation of foam which could deteriorate the cultivation. However, the addition of 

antifoam caused the liquid properties to change as it was aimed to decrease the 

surface tension of the liquid. This, unfortunately, reduced kLa of the system as the 

addition of antifoam would also promote the coalescence between bubble and reduced 

the mass transfer area, (Al-Masry, 1999 and Vasconcelos et al., 2003). Apart from the 

liquid properties, literature showed that the geometry of the system such as the ratio 

between areas in downcomer and riser (Ad/Ar) in airlifts could notably affect the mass 

transfer rate, i.e. the airlifts with larger Ad/Ar usually encountered lower kLaL than 

systems with smaller Ad/Ar, (Wongsuchoto et al., 2003). The influence of airlift 

geometry on the mass transfer rate has been extensively studied and the findings were 

completely summarized in Wongsuchoto (2003).  
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 The gas holdup is the fraction of gas in the system. Mostly, the amount of gas 

holdup increased with gas flow rate, regardless of the type of mediums, (Guo-Qing et 

al., 1995, Snape et al., 1995 and Zahradnik et al., 1997). The effect of orifices in the 

gas sparger seems to have great effect on the gas holdup. As the orifice diameter 

decreased, smaller bubbles were formed which moved slower than large bubbles, and 

therefore the gas holdup increased. This effect was similar to that obtained in the case 

of increasing orifice numbers (whilst keeping the gas flow rate constant). Liquid 

properties exhibited significant effect on gas holdup too. Literature illustrated that 

higher viscosity mediums could accommodate higher gas holdup than mediums with 

lower viscosity, (Merchuk et al., 1998 and Limpanuphap, 2003). This was because 

viscosity caused the bubble to move more slowly and, as a result, each bubble 

remained in the system longer. In addition, viscosity seemed to show anti-coalescence 

for the contacting systems which, in certain circumstances particularly in the 

condition where the aeration rate was fast, slowed down the bubbles. For sugar 

solution, higher sugar concentration could only slightly accommodate gas holdup and 

caused a lower gas-holdup pneumatic system, (Guo-Qing et al., 1995 and Snape et al., 

1995).  

A number of literatures were dealt with the effects of NaCl and the results are 

summarized in Figure 2.6. It can easily be extracted from this figure that the addition 

of NaCl increased the gas holdup. The effect was strong at low NaCl concentration, 

and was faded away as the concentration became high. The effect of inhibited 

coalescence leaded the long stable homogeneous flow zone from this graph, (Merchuk 

et al., 1998 and Limpanuphap, 2003). This result is significant for the operation of 

airlift systems using sea water as liquid phase as often encountered in several 

aquaculture applications, (Krichnavaruk et al., 2005).  
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Table 2.1 Review on the investigations of liquid properties on the performance of pneumatic contactors  

No. Authors Summary Experimental conditions 

1. Chisti, 1989 Bubble column: Bubble column , Internal loop airlift reactor,annulus 
sparger 

  ε 0.15 M NaCl  >  ε water  >  ε 1% SF sol.  >  ε 2% SF sol.  >  ε 3% SF sol. Rectangular:   Ad/Ar  =  0.614 

  KLa 0.15M Nacl = KLa 1% SF sol. > KLa 2% SF sol. > KLa 3% SF sol. gas - liquid or slurries (Nacl, Solka Floc cellulose fiber) 

  Airlift: 0  <    usg     <  30            cm/s 

  ε 0.15 M NaCl   >   ε 1% SF sol.   >   ε 2% SF sol. 0.17  <    η    <  9.06        Pa.s or Pa.sn

  KLa 0.15M Nacl >  KLa 1% SF sol. > KLa 2% SF sol. Methods : 

   Gas holdup:   volume expansion or manometer 

2. Popovic and Robinson, 
1988 

εr    =    0.465 (Usg )0.65 [1+ Ad/Ar ]-1.06 (ηeff)-0.103 External loop airlift reactor                           

   System : Air - Non newtonian fluid and Viscous 
newtonian 

  Ul    =    0.23 (Usg )0.32 [Ad/Ar]0.97 (ηeff)-0.39 0.11   <  Ad/Ar  <  0.44    

   0.02   <    ηeff   <  0.5          Pa.s 

   2.0     <   Usg     <  26          cm/s 

3. Popovic and Robinson, 
1989 kLa   =    2.14 x 10-3 (Usg )0.52 [1+ Ad/Ar]-0.85 (ηeff)-0.89 External loop airlift reactor                              

   System : Air - Non newtonian fluid and  
Viscous newtonian 
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No. Authors Summary Experimental conditions 

  Or 0 <  Ad/Ar  <  0.44 

  kLa    =    0.5 x 10-2 (Usg ) 0.52  (DL )0.5 [1+ Ad/Ar]-0.85 (ηeff)-0.89 (ρL )1.03 (σL )-0.75 CMC:         0.02 < ηeff  < 0.5   Pa.s 

   Sucrose:         η = 0.019          Pa.s 

   2.0  < Usg < 26           cm/s 

   0.33  < DL x 109 < 2.53      m2/s 

   59 < σL x 103 < 79         N/m 

4. Philip et al., 1990 For viscous newtonian liquids; Internal loop reactor , inner sparger 

  ε lower viscosity  <  ε higher viscosity circle cross section:   Ad/Ar = 1.78 

  UlD,water        > UlD,viscous newtonian liquid square cross section: Ad/Ar = 3 

  For non newtonian liquids; gas - fluid (olive oil, SAE,castor oil, sugar syrup, 

  No trend for gas hold up CMC, xanthan solution) 

  UlD,water  >UlD,viscous newtonian liquid 1.5  <    Usg     <  11.7               cm/s 

   0.115 <    η    <  2.85        Pa.s or Pa.sn

   0.03     <    σ    <  0.08            N/m 
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No. Authors Summary Experimental conditions 

   Methods : 

   Gas holdup:   visual observation 

   Liquid velocity:  metal detectors 

5. Snape et al., 1992 Aqueous sugar solutions; External loop airlift reactor 

   ε lower concentration  > ε higher concentration v = 65 dm3, Ad/Ar  = 1.33 

  Ul,lower concentration >Ul,higher concentration 15.7  <    Usg     <  22               cm/s 

   0.000887 <    η electrolyte   <  0.000962        Pa.s or Pa.sn

  Aqueous electrolyte solutions; 0.00101 <    η sucrose solution  <  0.00141       Pa.s or Pa.sn

   ε lower concentration  < ε higher concentration 57.3     < σ electrolyte       <  69.8          N/m 

   60.5    <  σ sucrose solution  < 69.5    N/m 

   Air - aqueous electrolyte system 

   (Nacl,KCl,Na2SO4,MgSO4,CaCl2)  0.01- 0.2 M 

   Air - sugar solution system (0.5-8 % v/w)  

   Methods: 

   gas holdup:  visual observation 
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No. Authors Summary Experimental conditions 

   liquid velocity:   conductivity pulse technique using 
KCl 

6. Zhao et al., 1994  kLa  air lift  < kLa  bubble column
Bubble column , Internal loop airlift reactor, inner 
sparger 

   ε air lift      <  ε bubble column Ad/Ar  = 1.8 

   gas -  fluid 

    kLa  liquid  > kLa  highly viscous liquid fluid : water, sugar (40%,97%), olive oil, SAE 

   ε  liquid      >  ε  highly viscous liquid (20,40,50), castor oil, CMC (0.1%,3.5%, 0.75%, 1.5%) 

   0.78    <   Usg    <  6.5            cm/s 

   0.001   <    η   <  1.26          Pa.s or Pa.sn

   0.03     <    σ    <  0.07          N/m 

7. Guo-Qing et al., 1995 Airlift reactor: Medium: carboxymethyl cellulose (CMC) -water 

  εGr, 4%wtCMC <εGr, 3%wtCMC <εGr, 2%wtCMC <εGr, 1%wtCMC <εGr, water  

  εGd, 2%wtCMC <εGd, 3%wtCMC <εGd, 4%wtCMC <εGd, 1%wtCMC <εGd, water  

  vL, 4%wtCMC < vL, 3%wtCMC <  vL, 2%wtCMC < vL,1%wtCMC < vL, water   

  tc,water< tc, 1%wtCMC < tc, 2%wtCMC < tc, 3%wtCMC < tc, 4%wtCMC  

8. Pironti et al., 1995 ε high  siliceous sand  <  ε low  siliceous sand     Internal loop airlift reactor , central sparger 
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No. Authors Summary Experimental conditions 

A   d/Ar  =  3.44 

   System : Air - slurry (siliceous sand) 

   121 < C  < 230 Kg/m3
siliceous sand

0  <    U   sg     <  25         cm/s 

   Methods: 

   Gas holdup: pressure transmitters connected to a data  

   acquisition system 

9. Snape et al., 1995 External-loop airlift reactor: Two perforated plates, hole diameter 0.5 and 1.6 mm 

Medium: aqueous saccharose solutions 0.5 – 8.0 %wt 
and electrolyte solutions of NaC1, KCI, CaCIaqueous saccharose solutions : ε   4 % wt > ε 0.5 % wt = ε tab water > ε 8 % wt 2, Na SO2 4 
and MgSO  0.01 and 0.2 kmol/m 34
Salt concentration: V  Ld 1.0 %wt > VLd 2.0 %wt > V  > VLd 4.0 %wt Ld tab water > VLd 8.0 %wt MgSO4<BaCl2<Na2SO <CaCl <NaCl<KCl<KI 4 2

  0.028 < u  < 0.198 m/s electrolyte solutions :,εr KCI > εr NaC1 > εr Na2SO4 > ε gr water

Medium: three phase with CMC ( n
appKτ μ= ϒ = ϒ ), 

gas, polystyrene particles 
10. Hwang and Cheng., 1997 Airlift contactor: ring gas sparger 

 εgr: 0.1 > 0 (water) > 0.25 > 0.5 > 0.8 wt%CMC (small, low velocity bubble) 
  Assume: polystyrene ∼ liquid phase : 0.1 > 0 (water) > 0.25 > 0.8 > 0.5 wt%CMC (low bubble rise velocity)  εgd

 εgO: 0 (water) ∼ 0.1  > 0.25 > 0.5 > 0.8 wt%CMC 
  Vlr: 0 (water) > 0.1 > 0.25 > 0.5 > 0.8 wt%CMC    Vld: 0 (water) > 0.1 > 0.25 > 0.5 > 0.8 wt%CMC 
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No. Authors Summary Experimental conditions 
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Ethanol 11. Zahradnik et al., 1997 εG: do= 1.6 mm < do= 0.5 mm in all conditions 0.2 -1.0 wt% 

   d = 0.5 mm: εo G,distilled < εG,0.2% < εG,1.0% = εG,0.5%

   = 1.6 mm: εdo G,distilled < εG,0.2% < εG,1.0% = εG,0.5%

d Saccharose solutions = 0.5 mim: ε  o G,μ=110mPas<ε <ε <ε  <εG,μ=30mPas G,μ=19mPas G,μ=8.2mPas G,μ =3mPas   
<ε 30-55 wt% G,distilled  

Al-Masry  and Abasaeed, 
1998 Xantan gum :                    12. External loop airlift reactor  

  εr   =    0.9856 (Usg )0.8747 (ηeff)0.0577                                         Ad/A    =  1 r

System : Air – Non lectroma fluid (xanthan gum and 
CMC) 

0.7271   kLa   =    0.0032 (Usg ) (ηeff) 
-0.5282

CMC :                                  Antifoam agent : silicone polymer 

  εr   =    0.3245 (Usg )0.9032 (ηeff)-0.0925                                         0.0663 < σ xanthan gum < 0.0696  N/m 

0.8797   kLa  =    0.0032 (Usg ) (ηeff) 
-0.6966 0.0590 < σ          < 0.0688  N/m CMC

0.2  <    U   sg     <  6          cm/s 

Methods:   Adding antifoam : 
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No. Authors Summary Experimental conditions 

   ε  xanthan gum solution > ε water Gas holdup: using a differential pressure cell and u-tube 

  Db,xanthan gum solution <Db,water manometer 

  Ul,xanthan gum solution  <Ul,water Liquid velocity:  lectromagnetic flowmeter 

  kLa xanthan gum solution < kLa water KLa : DO meter 

  Air – cmc system :  

  ε cmc  < ε water both riser and downcomer   (bigger bubbles) 

  Ul,cmc < Ul,water  

13. Al-Masry, 1999 ε  silicone          <           ε water External loop airlift reactor  

  Ul,  silicone        <          Ul ,water Ad/Ar   =   0.25, 1 

  kLa  silicone         <          kLa water System : Air -  water 

   Antifoam agent : silicone polymer 

   0.036 <  σ  < 0.046    N/m 

   0  <    Usg     <  25          cm/s 

   Methods: 

   Gas holdup: using a differential pressure cell  
and u-tube 
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No. Authors Summary Experimental conditions 

   manometer 

   Liquid velocity:  electromagnetic flowmeter 

   KLa : DO meter 

14.  Van Baten et al., 2003 Bubble columns: computational fluid dynamics (CFD) model Medium: air–water system with diameter 0.1, 0.38 and 
1m 

  VL, 0.1di < VL, 0.38di < VL, 1di 0.01< ug <  0.08 m/s 

  ε, 1.0di < ε, 0.38di < ε, 0.1di  

  kLa,  1di < kLa, 0.38di < kLa, 0.1di  

  
εr, 1.0di < εr, 0.38di < εr, 0.1di

 

  V r, 0.1di < V r, 0.38di < V r, 1.0di
 

15. Rodrigues and Rubio, 
2003 Clear acrylic column: air–tap water system 

 

  0.1 < dB < 0.5 mm 0.8< Qg < 1.0 l/min 

 
  dB , 30 mg/l <dB , 20 mg/l <dB , 10 mg/l <dB , 5 mg/l

higher Saturation pressure, higher sauter mean diameter 
Surfactant concentration range 0–30 mg/l (but lower 
surface tension from 72.6 < σ <61.3 mN/m) 

16. Vasconcelos et al., 2003 Bubble column and rectangular airlift contactors: orifices perforated plate antifoam solutions of 0.5–100 ppm 

  Airlift:  kLa, 0.0016< kLa, 0.0031< kLa, 0.0048< kLa, 0.0065< kLa, 0.0083 
Lower antifoam concentration, higher kLa orifice diameter 0.5 – 3 mm 
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No. Authors Summary Experimental conditions 

  kL, 0.0016, 0.5 mm ≅ kL, 0.0016, 3 mm 0.0016< ug <  0.0083 m/s 

  kL, 0.0083, 0.5 mm < kL, 0.0083, 3 mm  

  Bubble column: kLa, 0.0016< kLa, 0.0031< kLa, 0.0048< kLa, 0.0065< kLa, 0.0083  

  kL, 0.022 m/s,0.1 ppt < kL, 0.022 m/s,0.5 ppt < kL, 0.022 m/s, water 
Lower liquid height, higher kLa

 

17. Wongsuchoto et al., 2003 Airlift contactors: 0.067 < Ad/Ar < 1.0 
5 < Number of orifices < 14 

  dB, top <dB, middle <dB, bottom  

  Larger size with increased number of orifices  

  kLa increased with usg but decreased with increasing Ad/Ar   

18. Wongsuchoto and 
Pavasant, 2004 Annulus sparged internal loop airlift contactor: 0.067< Ad/Ar < 1.540 

  VLr,cal < VLr,measured in all condition of VLr, 0.067 < VLr, 1.540  

  VLd no trend  

  Ad/Ar,0.067 QLd < QL,dn < QL,up  

  Ad/Ar,0.431 QLd, QL,dn < QL,up
 

  Ad/Ar,0.988 QL,dn < QLd < QL,up
 

  Ad/Ar,1.540QL,dn < QLd < QL,up
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No. Authors Summary Experimental conditions 

/Q  QLr,dn Lr,up: Ad/A < Ar,1.540 d/Ar,0.988 < Ad/A  < A /A, ,  r d r0.431 0.067

Medium: air-water as added propanol from 0.01 to 0.1% 
(v/v) 19. Azher et al., 2005 Square split-rectangular airlift bioreactor: single-orifice nozzle 

  σ : butanol < propanol < metanol εgr propanol: 0.1% > 0.075% > 0.05% > 0.01% > 0% 

    propanol: 0.01% > 0.05% > 0.075% > 0.1% > 0%  εgd

 ε water < methanol 0.05% <propanol 0.05% <butanol 0.05%  0.01 < u < 0.085 m/s gO,, sg 

 k LaL: 0% > methanol 0.05% > propanol 0.05% > butanol 0.05%  

 k LaL propanol: 0% > 0.01% > 0.05% > 0.075%> 0.1%  

20. Felice, 2005 External airlift reactors: Medium: air, tap water, glass spheres 

   Air-water: ΔPD/ΔPexp*100, H 1m <  ΔPD/ΔPexp*100, H 2m

  QL, H 2m > Q  L, H 2m

  Air-water-solid: QL, 0.6 kg <  Q  L, 0.3 kg

   ΔPD/(ΔPD+ΔPC) *100, H 1m < ΔPD/(ΔPD+ΔPC) *100, H 2m

Split-rectangular airlift contactor: a single-orifice with 3.5 mm diameter Medium: air-water and solid(polystyrene)-water 21. Gourich et al., 2005 

 0.01 < u
  in all cases:     016.094.0 −= grgd εε 06.1277.1 grg U=ε g <  0.08 m/s 

   ,   gLL saK ε)6038.0( 1−=  28.145.1 grLL UaK =
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No. Authors Summary Experimental conditions 

22. Painmanakul et al., 2005 Glass bubble column: using silicone elastomer glue membrane sparger Medium: σ Tap water > σ Anionic surfactant (Sodium laurylsulfate 110 mg/l)

  dB cationioc , dB anionic < dB tab water 
a tab water < a anionic < a cationic between 1.5 and 10 1/m 

>σCationic surfactant (ammonium bromine)>σ Anionic surfactant (Sodium 

laurylsulfate 1900 mg/l) > σ Cationic surfactant (Lauryl dimethyl benzyl)

  kLa anionic, kLa cationic < kLa tab water  between 0.00035 and 0.003 1/s 0.3 < gas flow rate <  3.5 ml/s 

  kL anionic, kL cationic < kL tab water  
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Table 2.2 Review on various liquid properties on hydrodynamic performance in pneumatic contactors 

Substances                                           Properties References 
ε

1. Alcohol 
gO,water < εgO,methanol < εgO,propanol < εgO,butanol (σ : butanol < propanol < methanol < 

water Azher et al., 2005 
:long carbon chain with high hydrophobicity & co-response with bubble diameter)  

 Low aeration rate: linear kLaL    Low oxygen transfer: high alcohol concentration contradict with theory 
 Increase gas holdup: increasing alcohol concentration   

  Reduced different between riser and downcomer gas holdup  

  Decrease driving force on liquid circulation  
2. Anionic surfactant  , ,  5.0

2 GL uKk = 35.1
3σKkL =

5.035.1
4 GL uKk σ= Vázquez et al., 2000 (sodium carbonate–bicarbonate buffer with  

sodium arsenite, SLS)   A (interfacial area) ↑ with ↓σ (surface tension), ↑ surfactant concentration  
19.0

70.009.057.098.0
5 Re

−

−
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅⋅⋅⋅=

c

p
c d

d
BoFrScKad    

3. Carboxymethyl cellulose (CMC)   135.0841.04.44 −= apGr Gr
J με

non-Newtonian fluid 
Guo-Qing et al., 1995   107.0935.07.29 −= apGd Gr

J με
 both gas holdup depended strongly on JGr

d
d

LdrLrdLdL AVAJAJQ ⎟
⎠
⎞

⎜
⎝
⎛ −===

100
1 ε     

 Liquid velocity increased: increasing gas velocity and decreasing apparent 
viscosity   

  255.0524.021043.3 −−×= apGrL Jak μ   
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Substances Properties References 

  CMC property: n
appKτ μ= ϒ = ϒ   Hwang and Cheng, 1997 

 Low aeration rate: linear gas holdup with gas flow rate    High aeration rate: increase slightly gas holdup (bubble coalescence) 
 High CMC: decrease gas holdup (large bubble form at high viscosity) 
Increasing gas flow rate: increase liquid velocity but slightly increase with high gas   

flow rate (higher friction factor)  
 Increasing CMC concentration: decrease liquid velocity  

0.378
0.735 0.388 0.125 2.0600.00174 (1 )d

gd g h d g
r

AQ H
A

ε μ ε
−

− −⎛ ⎞
= × +⎜ ⎟

⎝ ⎠
g gr gdε ε ε= = when    

 Increase k4. Electrolyte solution La: increasing gas flow rate in cationic and anionic but smaller than water  Painmanakul et al., 2005 
σ and surface coverage ratio (se) for predicting the k L values  

Higher surface tension: higher bubble diameter and lower interfacial area (a)   

  Faster absorption kinetics in anionic surfactant than caionic 

 Increase stability on homogeneous regime (non-coalescence bubble)  Snape et al.,1995 

 Riser gas holdup depend on ionic-strength  

5. Salinity   Stronger in-coalescence effect in sea water than NaCl  Merchuk et al., 1998 

  εr: sea water > NaCl 38 > 30 > 20 >10 > 0 kg/m3   

( ) 6187.00187.1 )(1633.0 −= LrLL Jak ε  

4/1)(
)1(

6

LD

D

B
LLL V

E
d

DCak
με

ε
−

=  
  Contreras et al, 1999 

4/1
4/5

)2(
)1(

6

cB
LLL t

H
d

DCak γ
ε

ε
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=   
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Substances Properties References 

6. Saccharose solution  Decrease gas holdup: increasing saccharose concentration (increasing viscosity)  Snape et al., 1995 

  Increase aeration rate: increase gas holdup but the driving force for liquid   
circulation remains constant or even decreases (increasing bubble entrainment)  
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Internal loop airlift contactors 
 
                   (a)                                  (b)                                             (c) 
    
                      

Gas out 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
External loop airlift contactor 

 
                                                                   (d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Two configurations of ALCs: (a) split cylinder internal loop ALC (b)                               

and (c) concentric internal loop ALCs (d) external loop ALC 
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Figure 2.2 Schematic flow directions in airlift system 
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Figure 2.3 Interrelationship between bioreactor performance characteristics  

                  (Chisti, 1989) 
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Figure 2.4 Oxygen transport path from the bubble to the bulk liquid and various           

regions where transport resistance encountered (Seader and Henley, 1998) 

     
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2.5 Flow regimes in vertical flow (Teitel and Bornea, 1980 and Azbel and   

Nicholas, 1983) 
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Figure 2.6 Effect of NaCl solution on gas holdup in various types of reactor 
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Nomenclature of Figure 2.6 

 

 

No. Authors Condition 

1 Zahradnik et al., 1997 Bubble column,  do = 0.16 mm, 
NaCl = 0.145 mol/l 

2 Zahradnik et al., 1997 Bubble column,  do = 0.5 mm, 
NaCl = 0.145 mol/ 

3 Zahradnik et al., 1997 External-loop airlift contactor, do = 0.5 mm, 
NaCl = 0.145 mol/l 

4 Zahradnik et al., 1997 External-loop airlift contactor, do = 0.16 mm, 
NaCl = 0.145 mol/l 

5 Merchuk et al., 1998 Porous sintered glass 60 μm airlift,  10 kg/m3 
6 Merchuk et al., 1998 Porous sintered glass 60 μm airlift,  20 kg/m3 
7 Merchuk et al., 1998 Porous sintered glass 60 μm airlift,  30 kg/m3 
8 Merchuk et al., 1998 Porous sintered glass 60 μm airlift,  38 kg/m3 
9 Merchuk et al., 1998 Porous sintered glass 60 μm airlift,  sea water 

10 Limpanuphap 2003 Annular airlift contactor,  do = 1 mm, 15 ppt 
11 Limpanuphap 2003 Annular airlift contactor,  do = 1 mm, 30 ppt 
12 Limpanuphap 2003 Annular airlift contactor,  do = 1 mm, 45 ppt 
13 Snape et al., 1995 External loop airlift, NaCl = 0.15 kgmol/m3 

 



CHAPTER III 

MATERIAL & METHODS 
  

3.1 Experimental setup   
A schematic diagram of experimental system employed in this work is shown in 

Figure 3.1. The airlift contactor consists of a concentric internal loop airlift contactor 

(ALC) with the main column height of (H) of 150 cm and an inside diameter of 13.7 

cm. A draft tube (100 cm height, Hdt) is inserted centrally inside the main column. 

Both concentric columns are made from transparent acrylic plastic to allow visual 

observation for the bubble size characteristics and to record the movement of the 

color tracer for liquid velocity measurement. The ratio between downcomer and riser 

cross sectional areas (Ad/Ar) is altered by changing the draft tube diameter (Ddt in 

Figure 3.2) to new draft tubes with dimensions as shown in Table 3.1. Each draft tube 

is located at 10 cm above the base of the contactor. The gas is dispersed through the 

porous sparger installed at the base of the main column where the gas flow rate is 

regulated in the range from 0 to 8 cm/s by a calibrated rotameter. A dissolved oxygen 

(DO) meter (JENWAY model 9300) is used to measure dissolved oxygen in the 

dispersion for the estimation of the mass transfer rate. The experiment is performed as 

a gas-liquid system with water or sea water as liquid phase and air as gas phase. The 

sea water is prepared using sea salt and a refractometer is used to measure the level of 

salinity (OPTIK Handheld Refractometers). During the experiment, the medium is 

pumped continuously into the column until the liquid level is 3 cm above the draft 

tube after which air is supplied into the system. The system is then left running for a 

certain period of time to ensure a steady state operation before taking further 

measurement.  
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3.2 Experimental procedures   

3.2.1   Bubble characteristics measurement  
The measurements of bubble size and distribution are performed only in the riser of 

the internal loop ALC using a direct observation with photographic technique method. 

The bubble sizes are measured at three levels along the height of the column as shown 

in the parameter hi in Table 3.2. The number of bubble sizes for each measurement is 

more than 200 bubbles. The correction of the size due to curve of the contactor is 

performed based on the scale attached to the draft tube. The experimental steps are 

detailed as follows: 

 Procedure 

1.   Fill tap water into the concentric column until the liquid level (HL) reaches 

3 cm above the top of the draft tube 

2.   Turn on the lamp to illuminate the observation-desired point 

3.  Open valve to continuously disperse compressed air from an air 

compressor through the annular sparger to the column 

4. Adjust superficial velocity (usg) to the desired value by using calibrated 

rotameter 

5.   Record images of the bubbles at three different heights as shown in Table 

3.1 

6.   Calculate the bubble size by using Equation 3.1   

7.   Repeat Steps 1 to 6 with other new geometric and/or operating parameters 

 

3.2.2 Gas holdup measurement 

The overall gas holdup is determined by the volume expansion method. The gas 

holdup in the annular section is determined by the manometric method. The 

experimental steps are detailed as follows: 

Procedure     

1.   Fill tap water into the concentric column until the liquid level (HL) is 3 cm 

above the top of the draft tube 

2.  Open valve to continuously disperse compressed air from an air 

compressor through the sparger to the column 

3.   Adjust superficial velocity (usg) to the desired value by using calibrated 

rotameter 
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4.   Read the liquid dispersion height (HD) to evaluate the overall gas holdup in 

the airlift contactor 

5.  Measure the pressure difference between the two positions (ΔP) in the 

annular section using the attached water manometer to evaluate the riser 

gas holdup. The calculation is then performed according to Equations 3.5 

and 3.13. However, the gas holdup in the draft tube cannot be measured 

directly so dowmcomer gas holdup is calculated following Equation 3.16. 

 

3.2.3   Liquid velocity  

The measurement is done by a dye tracer method with detail as follows: 

Procedure     

1.   Fill tap water into the concentric column until the liquid level (HL) reaches 

the level 3 cm above the top of the draft tube 

2.  Open valve to continuously disperse compressed air from an air 

compressor through the sparger to the column 

3.  Inject dye tracer directly into the measuring port to measure riser liquid 

velocity and inject into the measuring beginning position to measure 

downcomer. The motion of the dye tracer is visually observed and a 

stopwatch is used to measure the time between the two positions. 

4.  Calculate riser and downcomer liquid velocity following Equations 3.17 

and 3.18 

5.   Repeat Steps 1 to 4 with other geometric and/or operating parameters 

 

3.2.4   Mass transfer coefficient measurement 

The overall volumetric mass transfer coefficient (kLa) is determined by using the 

dynamic gassing method (Bailey and Ollis, 1986). A dissolved oxygen (DO) meter 

(JENWAY model 9300) is used to measure and record the changes in dissolved 

oxygen concentration in a batch of water. The experimental steps are detailed as 

follows: 

 Procedure 

1. Fill tap water into the concentric column until the liquid level (HL) is 3 cm 

above the top of the draft tube 
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2. Disperse nitrogen gas through the base of the contactor to the column for 

removing dissolved oxygen from the water in the column   

3. Immerge the dissolved oxygen probe into the water in the column as 

shown in Figure 3.1 for measuring the dissolved oxygen concentration in 

the water by dissolved oxygen meter to ensure that all of the oxygen has 

been removed  

4. Stop the nitrogen gas flow when the dissolved oxygen concentration 

reaches zero 

5. Distribute compressed air from an air compressor continuously through the 

sparger into the column using rotameter as calibrated superficial velocity 

6. Record the dissolved oxygen concentration with respect to time during air 

is distributed into the column until the water is saturated with oxygen. 

7. Calculate mass transfer coefficient following Equation 3.19 

 8.   Repeat Steps 1 to 6 with other geometric and/or operating parameters 

 

3.3 Experimental Analysis 

3.3.1 Bubble size calculation 

For ellipsoidal bubbles, the major and the minor axes (p and q) of the bubble images 

are measured as shown in Figure 3.3. The equivalent diameter of a sphere with the 

same volume as the ellipsoidal bubble is calculated by: 

                                                                    (3.1) 3/12 )( qpdB =

Mostly in practice, a distribution of bubble sizes are measured by Sauter mean 

diameter which refers to a diameter of a sphere. The ratio of the volume to surface of 

the same sphere is given by: 

                                               
∑

∑

=

==

1

2
,

3
,

1

i
iBi

iB
i

i

Bs

dn

dn
d                              (3.2) 

where ni is the occurrence frequency of the sphere bubbles diameter, dB,i. 
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3.3.2 Gas holdup calculations 

3.3.2.1. Overall gas holdup 

The overall gas holdup is determined by using a volume expansion technique. The 

expanded dispersion volume represents the gas volume in the system according to the 

following equation:  

                                       o DV V VL= −                                  (3.3) 

where   Vo = expanded gas volume or overall gas volume (cm3) 

 VD = dispersed liquid volume (cm3) 

 VL = unaerated liquid volume (cm3) 

 The fluid volume can be calculated from cross sectional area of the column 

(A) and fluid height (H) in these equations: 

                     V AH=             (3.3a) 

  D DV AH=   (3.3b) 

 LV AHL=   (3.3c) 

where   A  = cross sectional area of the column (cm2) 

           HD  = dispersed liquid height (cm) 

           HL  = unaerated liquid height (cm) 

 Moreover the overall gas hold up can be calculated by: 

 o oV AHDε=                                 (3.3d) 

where εo = gas fraction in the expanded fluid volume 

 From Eqs (3.2), (3.2a), (3.2b), (3.2c) and (3.2d);  

                                              o D DAH AH AHLε = −                         (3.4) 

                                       ( )D L
o

D

H H
H

ε −
=                     (3.5) 

where   oε = overall gas holdup (-) 

            HD = dispersed liquid height (cm) 

            HL = unaerated liquid height (cm) 

 The unaerated liquid height and dispersion height can be measured from 

Section 3.2.2 and then the overall can be calculated. 
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3.3.2.2. Riser gas holdup 

For the annular sparged airlift contactor, the riser gas holdup is estimated by 

measuring the pressure difference between two measuring ports of the column. 

Firstly,          ΔPcolumn = ΔPmanometer                  (3.6) 

 Lg H g Zρ ρΔ = Δ   (3.7) 

 ( )L L g g Lg H g Zρ ε ρ ε ρ+ Δ = Δ                              (3.8) 

Neglecting the wall friction loss and GL ρρ >> , the gas holdup can be calculated from 

the following equations:       

                                          ( )L L Lg H g Zρ ε ρΔ = Δ                              (3.9) 

 
Hg
Zg

L

L
L Δ

Δ
=

ρ
ρ

ε                              (3.10) 

since εL = 1 - εG  (3.11) 

so 
Hg
Zg

L

L
G Δ

Δ
=−

ρ
ρ

ε1                             (3.12) 

finally, 1r
L

P
g H

ε
ρ

Δ
= −

Δ
                       (3.13)                                 

where   ∆P = pressure difference of defined liquid level in manometer (g/cm.s2) 

  ∆H = height of defined liquid level in the column (cm) 

   ΔZ = height of liquid level in the manometer (cm) 

  ρG = gas density (g/cm3)            

   ρL = liquid density (g/cm3) 

              g  = gravitational acceleration (cm/s2) 

 

3.3.2.3. Downcomer gas holdup 

It is assumed that the gas holdup in the top section is approximately equal to in the 

riser. The downcomer gas holdup can then be calculated from the overall and the riser 

gas holdups. The relationship between the gas holdups in different parts of an airlift 

contactor can be written as: 

                                ( )(
( )

dt r r dt d d D dt r d t
o

D r d

H A H A H H A A
H A A

)ε ε εε + + − +
=

+
     (3.14) 

Substituting εt = εr  into Equation 3.14 yields: 
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                            (
( )

dt d d D d D r dt d r
o

D r d

H A H A H A H A
H A A

)ε εε + + −
=

+
              (3.15) 

or          

                          ( ) )
( )

o D r d D d D r dt d r
d

D rH A d

H A A A H A H A
A

Hε εε + − + −
=

+
(        (3.16) 

HdtAd

where   oε = overall gas hold up (-) 

            rε  = gas holdup in riser (-) 

            dε  = gas holdup in downcomer (-) 

              εt = gas holdup in gas-liquid separator (-) 

             = cross-sectional area of downcomer (cmdA 2) 

    = cross-sectional area of riser (cmrA 2) 

 

3.3.3 Liquid velocity  

The liquid velocities both in riser and downcomer are measured by tracer injection 

method where the measured times which the color uses for traveling between any two 

fixed positions is used for the calculation:  

    
r

r
r t

xv =                                       (3.17) 

 
d

d
d t

x
v =                                    (3.18) 

where   v = liquid velocity (cm/s) 

             x = distance between any two fixed position (cm) 

             t  =  time for any two fixed position (s) 

 

3.3.4 Volumetric mass transfer coefficient calculation  

The volumetric mass transfer coefficient (kLa) is determined by using the dynamic 

method. The time profile of dissolved oxygen concentration in the solution is 

measured and recorded until equilibrium concentration. We can calculate kLa from 

slope of this equation: 

 

                                             atk
cc
cc

L
L

o =
−
−

)(
)(ln *

*

                               (3.19) 
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where   c*   = saturated oxygen concentration (mg/l) 

             co   = initial oxygen concentration (mg/l) 

             cL   = oxygen concentration in liquid phases (mg/ l) 

             kLa = overall volumetric mass transfer coefficient (1/s) 

             t     = time profile (s) 
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Table 3.1 Ratio of downcomer to riser cross sectional area in this work  

  

Draft tube Symbol Di (cm) Dio (cm) Ad/Ar (-) 

Draft tube 1 DT1 3.4 4 0.067 

Draft tube 2 DT2 7.4 8 0.443 

Draft tube 3 DT3 8.4 9 0.661 

Draft tube 4 DT4 9.4 10 1.008 
 

 

Remarks    

 Di   = inside draft tube diameter (cm) 

 Dio  = outer draft tube diameter (cm) 

 Ad/Ar  = ratio of down comer cross sectional area and riser cross sectional 

area (-) 

  

Table 3.2 Locations of digital video camera for bubble size measurement  

 

 

Section 

Height from the bottom end of 

the draft tube (hi) (cm) 

Top section (h1) 90 

Middle section (h2) 50 

Bottom section (h3) 10 
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 Figure 3.1 Schematic diagram of the concentric internal loop airlift contactor employed in this work 
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Figure 3.2 Configuration of airlift contactor and annular sparger in this work 
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Figure 3.3 Major and minor axes of bubble images 

 



CHAPTER IV 

RESULTS & DISCUSSION 
 

4.1 Error compensation in photographic technique 
The measurement of the bubble sizes was performed along the height of the airlift 

contactor (three axial locations). The radial variation in the bubble size was not observed 

as the cross sectional area of the riser (between inner and outer columns) was rather small 

which was approximately in the same order of magnitude with the bubble size. Therefore 

precise measurement along radial direction was not possible. There were errors from the 

reading of the bubble size due to curvature of the column surface, and this was 

encountered by placing an object with known size along the radial direction in the column 

and the pictures of such object were taken for size compensation. Note that the error due 

to the curvature of the column surface was approximately ±15% (Wongsuchoto 2002). 

With the limitation of the photographic technique, the bubble size in downcomer was not 

possibly observed. Examples of the figures of bubble sizes taken from this work are 

illustrated in appendix B. 

 

4.2 Effect of salinity on average bubble size  
Figure 4.1 illustrates that, at low range of usg (<0.02 m/s), the effect of salinity on bubble 

size was not obvious and bubble sizes were in the range of 6.0 to 7.5 mm in all ALC 

systems. At higher usg, the effect of salinity on bubble size became more apparent where 

the bubble size appeared to be smaller in the saline solution than that in fresh water. This 

was in contrast with the fact that saline solution possesses a stronger surface tension and 

viscosity than water and the bubble size in such solution should be larger than in water. 

However, the effect of electrolyte on surface tension gradient at the interface (Marangoni 

effect) was reported not to be adequate to regulate the bubble size (Marrucci, 1969, Prince 

and Blanch, 1990(a)), and therefore the effects of salinity on bubble size were mainly due 

to its ionic properties. This finding was in good agreement with several past reports which 

stated that electrolyte solutions inhibited bubble coalescence and retarded bubble riser 

velocity which then caused the bubble size to be smaller than that in water (Marrucci and 

Nicodemo, 1967, Lessard and Zieminski, 1971, Prince and Blanch, 1990(a), Prince and 

Blanch, 1990(b), Weissenborn and Pugh, 1996, Tse et al., 2003 and Malysa et al., 2005). 
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Types and concentration of electrolyte can impose different effects on bubble 

coalescence, for instance, Lessard and Zieminski, 1971 ordered efficiency of coalescence 

in various electrolytes as follows: MgSO4 <MgCl2 <CaCl2 <Na2SO4 <LiCl <NaCl< NaBr 

<KCl.  

There are two types of forces or pressures dealing with the coalescence or breakup 

of the bubbles. The first one is the Laplace pressure which promotes bubble coalescence 

from the drainage of the liquid film located in between the two adjacent bubbles. This 

pressure depends on the reciprocal of the bubble radius. However, if the Laplace pressure 

is too strong, bubbles coalesce very rapidly and this caused instability of the bubbles. 

Therefore, at this condition, bubble breakage dominates in the system. The other type of 

force is repulsive force. Electrolytes such as salt increased the repulsive hydration force 

by enhancing water structure due to hydrogen bond at the interface leading to a more 

stable bubble than that in the fresh water system. This formation of repulsive force 

balances the Laplace pressure, inhibiting bubble coalescence (Tsang et al, 2004). The two 

forces can be written in a mathematical form as follows: 

 Π−=Δ
pr

P σ   (4.1)   

when σ  is surface tension, rp is radius of intersection of three films called the Plateau 

border channel and the ratio between the surface tension and radius of intersection or  

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

pr
σ  is equal to Laplace pressure. Π  is the disjoining pressure which is the summation 

of various forces between ions interaction at the gas and liquid interface according to 

Equation (4.2).  

 hydDLvdw Π+Π+Π=Π   (4.2) 

where  is attractive Van der Waals force, vdwΠ DLΠ  is the dielectric double layer force or 

repulsive force and  is short-range repulsive or hydration force. An attractive van der 

Waals force ( ) was weak force attraction and caused from the polarization of 

molecules into dipoles, and can be expressed mathematically as in Equation (4.3). A 

dielectric double layer ( ) was the repulsive force caused from confinement of the ion 

charge at gas-liquid interface. A hydration forces was short-range repulsive force (

hydΠ

vdwΠ

DLΠ

hydΠ ) 

resulting from the formation of the water molecules near charged surfaces as in Equation 

(4.4), 
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 36vdw
A
hπ

−
Π =  (4.3) 

 exp( / )hyd
W h λ
λ

⎛ ⎞Π = −⎜ ⎟
⎝ ⎠

 (4.4)  

where A is the Hamaker constant which is equal to 10-20 J, h the film rapture thickness, λ 

the decay length of the hydration interaction, mostly takes the value of about 8.5 nm, and 

W the pre-exponential constant ≈ 6 mN/m (Tsang et. al., 2004). The film rapture thickness 

or h was reported to be a function of salinity by Cain and Lee (1985) which were equal to 

114.7, 106.8 98.8, and 90.9 for the water with salinity levels of 0, 15, 30, and 45 ppt, 

respectively. In the same work (Cain and Lee, 1985), it was reported that the dielectric 

double layer force (Πhyd) was negligible compared with the hydration force and should be 

disregarded from the calculation. Moreover, Van der Waals attraction was generally 

reported to be relatively small and was also negligible compared with the hydration force 

(Marrucci, 1969, Prince and Blanch, 1990(a)). Therefore Equation (4.1) is reduced to  

 hyd
p

P
r
σ

Δ = − Π   (4.5)   

 The pressure difference, ΔP, in Equation (4.1) was important in controlling the 

level of bubble coalescence or bubble breakage in the system. ΔP is low for the condition 

with inhibiting bubble coalescence, and high for the bubble coalescence promoting 

conditions. Nevertheless, as mentioned above, a much higher ΔP would result in a 

breakup of bubbles (Hartland 2004). A summary of these forces acting on the bubbles in 

the airlift systems is given in Table 4.1. 

Let’s define the parameter ΔPC which is the range of ΔP that results in the bubble 

coalescence. The conditions with smaller ΔP lead to the inhibition of bubble coalescence, 

whilst higher ΔP than this would cause bubble breakage, and in both cases, this results in 

smaller bubble sizes. From the results obtained in this work (Table 4.2), it was clear that 

the bubble size in the water system was the largest (ΔP in water = approx. 20 N/m2 for the 

whole range of usg employed in this work). This was due to the absence of repulsive force 

to balance the Laplace pressure. With the presence of salinity, the repulsive force became 

stronger. However, it was illustrated that this repulsive force was not strong enough to 

bring ΔP down. In contrast, the Laplace pressure in the presence of salinity seemed to be 

quite large which could be the result from the increasing surface tension. This resulted in 
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ΔP having a much value than 20 N/m2. Therefore bubbles tended to break in such 

condition.  

In the airlift with Ad/Ar of 0.067 running with 45 ppt salinity, ΔP was about 43-75 

N/m2 at usg >0.02 m/s and therefore bubble breakup was expected. The bubble size in this 

case was quite small, at 0.001-0.002 m (see Figure 4.1). Figure 4.3 illustrates that when 

the Ad/Ar was altered (from 0.067 to 0.661), the condition in the system changed, and 

despite using the same level of usg, the system running with 45 ppt salinity had ΔP of 12-

25 N/m2 and larger bubbles (0.005-0.006 m) than that at lower Ad/Ar were observed. 

Figure 4.3 illustrates the relationship between pressure driving forces and the 

average bubble size in all airlift systems employed in this work. It seemed that ΔP that 

gave the largest bubble size was in the range from 15–20 N/m2. A lower ΔP would inhibit 

bubble coalescence and therefore the bubble size was slightly lower than that at ΔP of 15-

20 N/m2. At high ΔP, the bubble size became quite small which suggested that bubble 

breakup was quite significant in controlling the bubble size distribution inside the system. 

Hence, for this work, ΔPC lies at the range of 15-20 N/m2.  

 

4.3 Effect of superficial velocity 
Figure 4.1-4.2 demonstrates that Sauter mean diameter of the bubbles decreased with 

increasing of superficial gas velocity at all salinity levels. This finding agreed well with 

the reported data in the airlift systems operated with various types of liquid (Colella et al., 

1999, Contreras et al., 1999, Polli et al., 2002 and Wongsuchoto et al., 2003). The bubble 

sizes were regulated by the level of pressure difference in the airlift system as described 

above. At low range of gas flow rate (<0.02 m/s) as shown in Figure 4.3, the pressure 

difference was in the range of 15-20 N/m2. Therefore this range of ΔP enhanced bubble 

size. At a higher range of superficial gas velocity (>0.02 m/s), the ΔP was higher than 20 

N/m2 which promoted the breakup of the bubbles. In addition, at this high gas throughput 

conditions, the airlift contained a relatively high gas hold-up which also enhanced the 

chance of bubbles collision and breaking up.  

 

4.4 Local bubble size distribution in airlift systems 
Figure 4.4 illustrates examples of the bubble size distribution curves obtained from the 

various sections of the ALC system operated with saline water at 30 ppt and with draft 

tube # DT3 (Ad/Ar = 0.661). As a general trend, bubble size was quit large, in the range of 
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6.0-8.2 mm at low superficial velocity. When the system was operated with higher gas 

throughput, bubbles became smaller in size and the variation in bubble size became 

bimodal distribution where there were two main bubble sizes present at the same time (2 

and 6.5 mm). At high gas throughput, bubble size became small and the distribution 

illustrated that there was only one main bubble size in the system at this condition (2 

mm). Bubble size did not seem to be smaller when the superficial velocity became higher 

than 0.036 m/s. This finding was for the system operated with water at salinity of 30 ppt, 

and it agreed well with the report by Wongsuchoto et al., 2003 who carried out the 

experiment in fresh water systems that bubble no longer changed its size distribution usg > 

0.05 m/s. The difference was that the airlift operated with saline solution had smaller 

bubble sizes than those with fresh water.  

 

4.5 Axial bubble size distribution in airlift contactors 
The axial bubble size distribution was obtained by taking photographs of bubbles in the 

airlift at different heights. Bubble distribution frequency was then formulated for each 

sampling point, and the results were shown in Figure 4.4. In the top and middle sections, 

the distribution changed from uni-modal to multi-modal curve at usg ≈ 0.019 m/s whereas 

the bottom section saw this change at usg ≈ 0.029 m/s. The breakage of the bubbles at high 

gas throughput was caused by higher amount of energy dissipation and turbulent which 

promoted more interaction between bubbles. The results suggested, therefore, that there 

was a higher level of turbulence in the top and middle sections than that in the bottom. 

The Sauter mean diameters of bubbles in the three sections in the airlift system with Ad/Ar 

of 0.661 are illustrated in Figure 4.5. This revealed that bubble size in the bottom section 

was slightly larger than in those in the other sections, particularly at a lower range of usg 

(< 0.04 m/s) examined in this work. At a higher usg range, the effect of column height on 

the bubble size was not obvious and the sizes of bubbles were approximately the same 

throughout the length of the airlift. The same finding was found for the system running 

with tap water as described in Wongsuchoto et al. (2003).  

 

4.6 Effect of the ratio between downcomer and riser cross-sectional 

areas on bubble size  
To investigate the effect of the ratio between the downcomer and riser cross-sectional 

areas (Ad/Ar), the experiment was conducted in the airlift contactors running with sea 
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water at 30 ppt with four different draft tube sizes as detailed in Table 3.1 and the average 

bubble sizes are shown in Figure 4.6. At a low range of usg (< 0.015m/s), no significant 

differences in bubble size were observed in all systems. At usg greater than 0.015 m/s, the 

differentiation of the bubble sizes in the systems with different draft tube sizes became 

more obvious, i.e. the bubble size was larger with increasing draft tube size (dBs, DT4 > 

DT3 > DT2 > DT1). In other words, the bubble size was larger in the system with smaller 

riser cross sectional area. It was possible that turbulence in the system with smaller riser 

area was stronger than those with larger riser areas, and the chance of bubbles being 

coalesced at this high turbulent regime was relatively high. Figure 4.6 also illustrates that 

the effect of Ad/Ar on bubble size was more obvious at the bottom section, and not as 

much in the middle and top sections. As stated earlier, the level of turbulence in the 

middle and top sections of the airlift with the size used in this work was stronger than that 

in the bottom section. With similar level of turbulent intensity in the top part of the 

various airlift systems, bubble sizes in this section were not significantly regulated by 

Ad/Ar. Unlikely, the bottom section was operated at lower turbulent intensity where the 

airlift with different Ad/Ar might exert noticeable levels of turbulence intensities. This 

resulted in a distinguishable bubble sizes as observed in Figure 4.6. This finding was also 

similar to the performance of airlift contactor operated with fresh water as reported in 

Wongsuchoto et al. (2003).  

 

4.7 Overall volumetric mass transfer coefficient (kLa) in the airlift 

systems operating with sea water 
The overall volumetric mass transfer coefficient (kLa) was calculated from Equation 

(3.19). The change in the overall volumetric mass transfer coefficient (kLa) with 

superficial gas velocity and salinity level was shown in Figure 4.7. This illustrated that 

kLa increased with superficial gas velocity but decreased with an increase in salinity. As 

an overall observation, salinity seemed to have adverse effects on kLa and the system with 

fresh water always imposed a higher kLa than those running with sea water. The effect of 

salinity on kLa was quite complicated. At low range of usg (<0.03 m/s), the effect of 

salinity did not seem to be significant, however, the effect became more pronounced at 

high aeration rate (usg >0.03 m/s) and kLa was the highest at 30 ppt followed by those at 

15 and 45 ppt, respectively.  
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This kLa quantity composed two main parameters, i.e. “kL” or overall mass transfer 

coefficient, and “a” or specific interfacial area. Generally kL was reported to be a function 

of turbulence, liquid properties and bubble size. As the salinity did not have notable effect 

on liquid properties, kL should be controlled only by turbulence and bubble size. The two 

film theory suggested that kL was more regulated by the shear rate at the gas-liquid 

interface which was controlled by the slip velocity or the difference in the bubble and 

liquid velocity. However, the estimate of kL required the use of certain empirical 

correlation whereby the coefficients needed to be obtained from experimental data. These 

parameter fittings would be described shortly after the calculation of specific area.  

The specific interfacial area (a) was estimated using Equation (4.6):  
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where εg,r  is the riser gas holdup and dBs Sauter mean diameter which is defined as: 
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where ni is the occurrence frequency number of the sphere bubbles diameter, dB,i. The two 

parameters significant for the determination of the specific mass transfer area were 

average bubble size (Figure 4.2) and gas holdup. Figure 4.8 illustrates that the effect of 

salinity on gas holdups in the system was only marginal and the specific area should only 

vary with bubble size. As discussed earlier, the bubble size in sea water was smaller than 

that in fresh water and became smaller with an increase in superficial gas velocity. 

Therefore the specific interfacial areas obtained in the systems at all salinity levels were 

higher than that in the fresh water system.  

It was primarily assumed that the gas holdup was uniform throughout, both in 

axial and radial directions. The estimates of specific interfacial area (a) in the airlift 

system with Ad/Ar = 0.661 at various salinities is displayed in Figure 4.9. This finding 

revealed that effect of salinity on specific area was only marginal at low range of 

superficial gas velocity (usg <0.028 m/s), and became more significant at higher usg. The 

largest gas-liquid surface area was obtained from the airlift operating with saline water at 

15 ppt, followed by those at 30 and 45 ppt. This corresponded well with the information 

on the effect of salinity on bubble size in Figure 4.2.  
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Now that once the information on kLa and a became known, the overall mass 

transfer coefficient or kL could simply be calculated by dividing kLa with a and the results 

are given in Figure 4.10. 

 

4.8 Estimate of kLa  
The mass transfer rate for entire contactor was proposed in the terms of the overall 

volumetric mass transfer coefficient (kLa)T and could be calculated from sum of the mass 

transfer rates in riser and downcomer section as follows: 
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where VL,r is the volume of liquid in riser, VL,d the volume of liquid in downcomer and 

VL,T the volume of total liquid. (kLaL)r and (kLaL)d were obtained from kL,r  multiplied by 

aL, r and  kL,d  multiplied by aL,d. 

As a was obtained from the measurement, the estimate of kLa requires only the 

estimation of kL. As mentioned above, the mass transfer coefficient, kL was reported as a 

function of liquid properties and bubble size, (Higbie, 1935, Calderbank, 1967., Bailey 

and Ollis, 1986). The determination of mass transfer coefficient, kL was summarized in 

Skelland, 1974, Welty 1984, Stanley, 1998, and Painmanakul et. al., 2005. Equation (4.9) 

is usually to estimate kL. Hence, the dimensionless relationship between Sherwood 

number (Sh) in Equation (4.10), Schmidt number (Sc), Grashof number (Gr) and Reynold 

number (Re) could be formulated as follows:  

 

 

    (4.9) c d f hSh a bGr Sc eRe Sc= + +

 

 free convection

forced convection 

 

 Generally, Grashof number, Gr, represents the mass transfer by natural convection 

or free rise velocity whilst Reynolds number, Re, is the mass transfer form forced 

convection:  
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The velocity and bubble diameter used in the calculation of Reynolds number were the 

slip velocity, vs, and Sauter mean diameter, dBs. The slip velocity in riser, vs,r was 

calculated as a function of the terminal rise velocity of a single bubble, u∞, which were 

related to hindering effects from neighboring bubbles in the riser section. Information on 

bubble sizes was then employed to estimate the slip velocity of the gas bubbles in the 

system using the following equation (Marrucci, 1965; Wallis, 1969): 
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where u∞ is the terminal bubble riser velocity which can be calculated using the 

correlation proposed by Jamialahmadi et al., 1994, 
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 (4.14) 

The parameters a - h in Equation (4.9) was then determined from experiments.  

Equation 4.9 must be used to predict kL,r and kL,d, and in doing so, the slip 

velocities or terminal rise velocities in both riser and downcomer must be known (from 

Equations 4.13 and 4.14) for the calculation of Reynolds number. As the photographic 

technique could only be used to measure the bubble size in riser, bubble size in 

downcomer was not known and the determination of slip velocity in downcomer was not 

possible. However, the average bubble size in downcomer (dB,d) could be estimated from 

the downcomer liquid velocity, uL,d, by assuming that the liquid must have velocity 

equaled to the terminal velocity to be able to drag the bubble down into the downcomer, 

or  

 dLds uv ,, =  (4.15) 
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Once the terminal velocity was known, the Levich equation (Levich, 1962) as shown in 

Equation (4.15) was proposed for the calculation of bubble size:  
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Assume that there was no variation of bubble size along the radial and axial directions in 

downcomer:  

 dBdBs dd ,, =  (4.17) 

The aL,d was calculated from substitution of dBs,d from Equation (4.17) and εg,d from the 

experiment in Equation (3.16).  

 The parameters a-h in Equation 4.9 were evaluated using non-linear parameter 

fittings using all the results available in this work, and the results are given in Table 4.3 

(noted that these parameters were obtained from the solver function in the MS Excel 97 

where the objective was a minimal error between experimental and simulation data). For 

the case of tap water, the results from parameter fitting were reasonably close to those 

proposed from Wongsuchoto et al. (2003) (as shown in the last row of Table 4.3). The 

fittings for the saline water gave somewhat different results from that for pure water in 

that the terms Reynolds number was not involved in the pure water system, but it was, to 

certain extent, for the saline water systems. This meant that the mechanism controlling 

the mass transfer coefficient in pure water was only the natural convection whereas the 

force convection as represented by the Reynolds term also was significant in the system 

operated with saline water. Figure 4.11 illustrates the comparison between the calculated 

and experimental kLa of the airlift contactor operated with various saline solutions. 

 

 

 

 

 

 

 

 

 



 59

Table 4.1 Estimation values of disjoining pressures (Π) in different salinity levels 

Salinity 

(ppt)/Type 

ha (nm) 

 

Van der waals  

a Film rupture thickness estimated from Cain and Lee’s experiment in  1985. 

attraction (N/m2) 

Electrostatic 

repulsion (N/m2) 

Hydration 

repulsion (N/m2) 

Total pressure 

(Π) (N/m2) 

0 114.7 -0.35 0 0.97 0.62 
15 106.8 -0.44 0 2.47 2.03 
30 98.8 -0.55 0 6.29 5.74 
45 90.9 -0.71 0 16.01 15.30 

 

Table 4.2 Estimation value of pressure driving forces for bubble coalescence in various    
conditions 

 

Salinity 
(ppt)/Condition Draft tube usg 

(m/s) ΔP (N/m2) Salinity  
(ppt)/Condition Draft tube usg 

(m/s) ΔP (N/m2) 

  0.008 19.96   0.011 18.61 
  0.012 20.32   0.016 18.38 

0 0.067 0.018 19.97 30 0.443 0.025 20.77 
  0.022 20.97   0.031 23.93 
  0.030 20.71   0.041 35.08 
  0.035 20.80   0.048 52.97 
  0.013 22.58   0.013 16.13 
  0.019 22.24 30 0.661 0.019 16.94 

0 0.661 0.029 22.27   0.029 19.84 
  0.036 23.11   0.036 27.14 
  0.048 25.21   0.048 37.62 
  0.056 29.62   0.056 54.34 
  0.008 17.13   0.016 17.86 
  0.012 20.20 30 1.001 0.023 16.61 

15 0.067 0.018 26.68   0.035 19.43 
  0.022 33.54   0.044 20.39 
  0.030 39.59   0.058 27.72 
  0.035 56.92   0.068 41.34 
  0.013 20.13   0.008 7.50 
  0.019 21.96   0.012 12.25 

15 0.661 0.029 27.24 45 0.067 0.018 21.01 
  0.036 45.72   0.022 44.44 
  0.048 59.46   0.030 72.61 
  0.056 69.01   0.035 122.15 
  0.008 16.16   0.013 5.28 
  0.012 17.84   0.019 5.29 

30 0.067 0.018 30.55 45 0.661 0.029 5.92 
  0.022 46.93   0.036 13.58 
  0.030 71.21   0.048 26.47 
  0.035 97.57   0.056 40.00 
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Table 4.3 Parameter values from the initial establishment of kL correlation in  

Equation (4.9)  
hfdc SceScbGraSh Re++=  

 

Parameter 
Condition 

a b c d e f h 
R2

0 ppt 0.41 1.05 048 0 0 0 0 0.91 

15 ppt 0.41 1.04 0.16 0.3 0.13 0.46 0.06 0.81 

30 ppt 0.41 1.04 0.16 0.3 0.13 0.46 0.06 0.82 

45 ppt 0.41 1.04 0.16 0.3 0.13 0.46 0.06 0.82 

0 ppt 

(Wongsuchoto et al., 2003) 
0.5 1.07 0.47 0 0 0 0 0.92 
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Figure 4.1 Bubble sizes in ALC running at different salinity levels (Ad/Ar = 0.067) 
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Figure 4.2 Bubble sizes in ALC running at different salinity levels (Ad/Ar = 0.661) 
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Figure 4.4 Frequency distribution of bubble sizes at various superficial gas velocities in ALC 

     with  Ad/Ar = 0.661 (salinity = 30 ppt)  

f (
d B

) 

dBB  (m) × 103
 

dBB  (m) × 103



 65 

 

0

1

2

3

4

5

6

7

8

9

10

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

d B
s 

x 
10

3  (m
)

 
 
 
 
 
 
 
 
 
 
 

u sg  (m/s)

TOP
MIDDLE
BOTTOM

d B
s (

m
) ×

10
3

Figure 4.5 Bubble size at different locations in ALC with Ad/Ar = 0.661 (salinity = 30 ppt) 
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Figure 4.6 Bubble sizes at different draft tube sizes (DT1 = Ad/Ar = 0.067, DT2 = Ad/Ar 0.443,  

DT3 = Ad/Ar = 0.661 and DT4 = Ad/Ar = 1.01) in ALCs (salinity = 30 ppt) 
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Figure 4.7 Overall volumetric mass transfer coefficient at different salinity levels (salinity = 0, 15, 30 and 45 ppt) in ALC (Ad/Ar = 0.661) 



 68

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
u sg  (m/s)

O
ve

ra
ll 

G
as

 H
ol

du
p 

(-)
DT1 30 ppt
DT2 30 ppt
DT3 30 ppt
DT4 30 ppt
DT1 0 ppt
DT1 15 ppt
DT1 45 ppt
DT3 0 ppt
DT3 15 ppt
DT3 45 ppt

 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
u sg  (m/s)

R
ise

r G
as

 H
ol

du
p 

(-)

DT1 30 ppt
DT2 30 ppt
DT3 30 ppt
DT4 30 ppt
DT1 0 ppt
DT1 15 ppt
DT1 45 ppt
DT3 0 ppt
DT3 15 ppt
DT3 45 ppt

 

(a) 
) 

) 

(b) 

 
 
Figure 4.8 Effects of superficial gas velocity, usg on (a) overall gas holdup and (b) riser gas holdup with 

different draft tube sizes (DT1 = Ad/Ar = 0.067, DT2 = Ad/Ar 0.443, DT3 = Ad/Ar = 0.661 and 

DT4 = Ad/Ar = 1.01) 
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Figure 4.9 Specific interfacial area at different salinity levels (salinity = 0, 15, 30 and 45 ppt) in ALC (Ad/Ar = 0.661)  
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Figure 4.11 Comparison of (kLa) from experiment and (kLa) estimated by Equation (4.9) at different salinity levels  

     (salinity = 0, 15, 30 and 45 ppt)  



CHAPTER V 

CONCLUSIONS & RECOMMENDATIONS 
 

5.1 Achievements & Contributions  
 

 The finding from this work (as summarized in Table 5.1) revealed the effect of 

salinity on the performance of the airlift contactors both in terms of hydrodynamic 

properties and the mass transfer characteristics. It became clearer how the bubble size 

distributed within the airlift systems. The influence of salinity on liquid properties was 

described which could then be used to explain the mechanism of bubble coalescence and 

bubble breakup. Detail on bubble size alone is extremely important in predicting the rate 

of gas-liquid mass transfer rate in such airlift systems. This is not to mention the data on 

the liquid circulation which will facilitate the design of other biological systems in which 

the cell circulation is necessary for a good contact with fresh or re-fresh medium.  

 It was interesting to find out that the bubble size in the saline water was smaller 

than that in the fresh water systems, as salinity enhanced the surface tension which should 

give a larger bubble size. However, due to the balance of Laplace and ionic pressures, 

opposite results were observed. It was therefore expected to have a higher gas-liquid mass 

transfer rate in the saline solution. Nevertheless, it is worth mentioning that the saturated 

level of dissolved oxygen in saline water (7.57 mg/L at 15ppt, 6.95 mg/L at 30 ppt, and 

6.38 mg/L at 45 ppt) is much lower than that in fresh water (8.24 mg/L).  

 Applications in saline water systems are variable and some will need knowledge 

on the operation of airlift such as the cultivation of single cell algae or diatom. Examples 

include the cultivation of Chaetoceros calcitrans which is the feed for shrimp larvae 

culture. Information obtained from this work can facilitate the future design of such 

system to have better circulation of the culture and to control the level of gas holdup in 

the various sections of the airlift systems.  
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Table 5.1 Summation of characteristics in airlift contactor with different salinity levels 
 

Parameter DT1 = 0.067 DT3 = 0.661 at 30 ppt 

dBs 0 > 15 > 30 > 45 ppt 0 > 45 > 30 > 15 ppt DT4 > 3 > 2 > 1 

εg,o 15 > 45 > 30 > 0 ppt 15 > 30 > 45 > 0 ppt DT1 > 2 > 3 > 4 

εg,r 15 > 0 > 30 > 45 ppt 0 > 45 > 30 > 15 ppt DT4 > 2 > 1 >3 

εg,d 45 > 30 > 15 > 0 ppt 30 > 15 > 45 > 0 ppt DT1 > 2 > 3 > 4 

 εg,d > εg,o > εg,r εg,r > εg,o > εg,d  

vl,riser 45 > 30 > 15 > 0 ppt 15 > 30 > 45 > 0 ppt DT1 > 2 > 3 > 4 

  (no  sharply)  

vl,downcomer 45 > 15 > 30 > 0 ppt 0 > 15 > 30 > 45 ppt DT3 > 2 > 1 > 4 

  (no  sharply)  

kLa 30 > 15 > 45 > 0 ppt 0 > 30 > 15 > 45 ppt DT1 > 2 > 3 > 4 

kL 0 > 15 > 30 > 45 ppt 0 > 30 > 45 > 15 ppt DT1 > 2 > 3 > 5 
 

5.2 Limitations & Recommendations 
 

The ultimate goal of most reaction engineering is to be able to design the system 

that suits the need of industry. With this primary goal, this work is set out as a 

preliminary investigation what awaits the scale up to pilot and industrial levels. However, 

the design of the airlift systems or other pneumatic contactors is difficult in that the 

bubble size cannot be enlarged with the same scale as the reactors. Next proposals should 

then be directed towards the investigation of the behavior of a larger airlift system where 

a few design criteria should be employed as a design basis, such as the ratio between 

diameter and height, the ratio between downcomer and riser cross sectional area. Perhaps 

there will be some other dimensionless parameters which could be used with confidence 

in the scale up of such airlift contactors. Also configuration of airlift systems can be 

modified into a variety of designs, e.g. external loop airlift systems, expanded top airlift 

reactor, etc. This variation of the system configuration should also be visited.  
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APPENDICES 



Appendix A 
 

Table A-1 Physical properties of liquid phase  

 

Liquid phase 
Surface 

tension×103  
Viscosity×103 

(kg/m.s) 
density×10-3  

(kg/m3) 

Tap water 72.6 1.28 0.996 

Sea water at 15 ppt 73.1 1.44 1.005 

Sea water at 30 ppt 73.7 1.47 1.016 

Sea water at 45 ppt 73.9 1.49 1.027 

 

Note:    The salinity levels were measured by OPTIK Handheld Refractometer.  

 The density of solution was measured by pycnometer (UL/Y ADAPTER, 

MIDDLE BORO, MA 02346 U.S.A., Brook field EINGINEERING LABS INC) and 

rotation with 100 rpm at 26.5°C. 

 The surface tension was measured with KRUSS K10T (Du Noüy Ring).     

 

Table A-2 Liquid phase used in this work 

 
Key Liquid phase 

0 ppt Tap water 
15 ppt Sea water at 15 ppt 
30 ppt Sea water at 30 ppt 
45 ppt Sea water at 45 ppt 

 

Table A-3 Solubility of dissolved oxygen in liquid phase  

(Tchobanoglous et al., 2003) 

 
Liquid phase Dissolved oxygen concentration (mg/l) 

Tap water 8.24 
Sea water at 15 ppt 7.57 
Sea water at 30 ppt 6.95 
Sea water at 45 ppt 6.38 
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Table A-4 Operating conditions for each ALC system 
 

Superficial gas  velocity (m/s) 
ALCs 

      
DT1 0.008 0.012 0.018 0.022 0.030 0.035 

4 1 2 3 5 6 

DT2 0.011 0.016 0.025 0.031 0.041 0.048 

DT3 0.013 0.019 0.029 0.036 0.048 0.056 

DT4 0.016 0.023 0.035 0.044 0.058 0.068 

Symbol       

 

 
 
 

 



 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 

 
 
 

Appendix B 
Bubble Pictures in ALCs running with different Draft Tube Sizes  

(Ad/Ar = 0.067-1.008) and different Salinity levels (15-45 ppt)  
B-1 15 ppt with Ad/Ar = 0.067  

 

 
 
 
 
 

a) Superficial Gas Velocity = 0.008 m/s  a) Superficial Gas Velocity = 0.012 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.008 m/s  b) Superficial Gas Velocity = 0.012 m/s 
                             Middle Section         Middle Section 

 

 
 

c) Superficial Gas Velocity = 0.008 m/s  c) Superficial Gas Velocity = 0.012 m/s 
                             Bottom Section       Bottom Section 

B -1 15 ppt with Ad/Ar = 0.067 
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a) Superficial Gas Velocity = 0.018 m/s  a) Superficial Gas Velocity = 0.022 m/s 
                             Top Section                    Top Section 

 
 

 
 
 
 

b) Superficial Gas Velocity = 0.018 m/s  b) Superficial Gas Velocity = 0.022 m/s 
                             Middle Section         Middle Section 

 
 
 

 
 
 
 

c) Superficial Gas Velocity = 0.018 m/s  c) Superficial Gas Velocity = 0.022 m/s 
                             Bottom Section                    Bottom Section 

B-1 15 ppt with Ad/Ar = 0.067 
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a) Superficial Gas Velocity = 0.030 m/s  a) Superficial Gas Velocity = 0.035 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.030 m/s  b) Superficial Gas Velocity = 0.035 m/s 
                             Middle Section         Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.030 m/s  c) Superficial Gas Velocity = 0.035 m/s 
                             Bottom Section      Bottom Section 

B-2 30 ppt with Ad/Ar = 0.067 
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a) Superficial Gas Velocity = 0.008 m/s  a) Superficial Gas Velocity = 0.012 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.008 m/s  b) Superficial Gas Velocity = 0.012 m/s 
                             Middle Section       Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.008 m/s  c) Superficial Gas Velocity = 0.012 m/s 
                             Bottom Section      Bottom Section 
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 B-2 30 ppt with Ad/Ar = 0.067  

 
 
 
 
 

a) Superficial Gas Velocity = 0.018 m/s  a) Superficial Gas Velocity = 0.022 m/s 
                             Top Section                    Top Section 

 
 

 
 
 
 
 

b) Superficial Gas Velocity = 0.018 m/s  b) Superficial Gas Velocity = 0.022 m/s 
                             Middle Section         Middle Section 

 

 
 
 
 

c) Superficial Gas Velocity = 0.018 m/s  c) Superficial Gas Velocity = 0.022 m/s 
                             Bottom Section      Bottom Section 
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 B-2 30 ppt with Ad/Ar = 0.067  

 
 
 
 
 

a) Superficial Gas Velocity = 0.030 m/s  a) Superficial Gas Velocity = 0.035 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.030 m/s  b) Superficial Gas Velocity = 0.035 m/s 
                             Middle Section         Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.030 m/s  c) Superficial Gas Velocity = 0.035 m/s 
                             Bottom Section      Bottom Section 
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 B-3 45 ppt with Ad/Ar = 0.067 
 

 
 
 
 
 

a) Superficial Gas Velocity = 0.008 m/s  a) Superficial Gas Velocity = 0.012 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.008 m/s  b) Superficial Gas Velocity = 0.012 m/s 
                             Middle Section       Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.008 m/s  c) Superficial Gas Velocity = 0.012 m/s 
                             Bottom Section      Bottom Section 
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 B-3 45 ppt with Ad/Ar = 0.067 
 

 
 
 
 
 

a) Superficial Gas Velocity = 0.018 m/s  a) Superficial Gas Velocity = 0.022 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.018 m/s  b) Superficial Gas Velocity = 0.022 m/s 
                             Middle Section         Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.018 m/s  c) Superficial Gas Velocity = 0.022 m/s 
                             Bottom Section      Bottom Section 
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 B-3 45 ppt with Ad/Ar = 0.067  

 
 
 
 
 

a) Superficial Gas Velocity = 0.030 m/s  a) Superficial Gas Velocity = 0.035 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.030 m/s  b) Superficial Gas Velocity = 0.035 m/s 
                             Middle Section       Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.030 m/s  c) Superficial Gas Velocity = 0.035 m/s 
                             Bottom Section      Bottom Section 

B-4 30 ppt with Ad/Ar = 0.443 
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a) Superficial Gas Velocity = 0.011 m/s  a) Superficial Gas Velocity = 0.016 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.011 m/s  b) Superficial Gas Velocity = 0.016 m/s 
                             Middle Section       Middle Section 

 

 
 
 
 

c) Superficial Gas Velocity = 0.011 m/s  c) Superficial Gas Velocity = 0.016 m/s 
                             Bottom Section      Bottom Section 

 C-4 30 ppt with Ad/Ar = 0.443 
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a) Superficial Gas Velocity = 0.025 m/s  a) Superficial Gas Velocity = 0.031 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.025 m/s  b) Superficial Gas Velocity = 0.031 m/s 
                             Middle Section         Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.025 m/s  c) Superficial Gas Velocity = 0.031 m/s 
                             Bottom Section      Bottom Section 
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 B-4 30 ppt with Ad/Ar = 0.443 
 

 
 
 
 
 

a) Superficial Gas Velocity = 0.041 m/s  a) Superficial Gas Velocity = 0.048 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.041 m/s  b) Superficial Gas Velocity = 0.048 m/s 
                             Middle Section       Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.041 m/s  c) Superficial Gas Velocity = 0.048 m/s 
                             Bottom Section      Bottom Section 

B-5 15 ppt with Ad/Ar = 0.661 
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a) Superficial Gas Velocity = 0.013 m/s  a) Superficial Gas Velocity = 0.019 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.013 m/s  b) Superficial Gas Velocity = 0.019 m/s 
                             Middle Section       Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.013 m/s  c) Superficial Gas Velocity = 0.019 m/s 
                             Bottom Section      Bottom Section 
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 B-5 15 ppt with Ad/Ar = 0.661 
 

 
 
 
 

a) Superficial Gas Velocity = 0.029 m/s  a) Superficial Gas Velocity = 0.036 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.029 m/s  b) Superficial Gas Velocity = 0.036 m/s 
                             Middle Section         Middle Section 

 
 
 
 
 

c) Superficial Gas Velocity = 0.029 m/s  c) Superficial Gas Velocity = 0.036 m/s 
                             Bottom Section      Bottom Section 

 
 



 97

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 

 
 
 B-5 15 ppt with Ad/Ar = 0.661 
 

 
 
 
 
 

a) Superficial Gas Velocity = 0.048 m/s  a) Superficial Gas Velocity = 0.056 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.048 m/s  b) Superficial Gas Velocity = 0.056 m/s 
                             Middle Section       Middle Section 

 

 
 
 
 

c) Superficial Gas Velocity = 0.048 m/s  c) Superficial Gas Velocity = 0.056 m/s 
                             Bottom Section      Bottom Section 
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 B-6 30 ppt with Ad/Ar = 0.661  

 
 
 
 
 

a) Superficial Gas Velocity = 0.013 m/s  a) Superficial Gas Velocity = 0.019 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.013 m/s  b) Superficial Gas Velocity = 0.019 m/s 
                             Middle Section       Middle Section 

 

 
 
 c) Superficial Gas Velocity = 0.013 m/s  c) Superficial Gas Velocity = 0.019 m/s 

                             Bottom Section      Bottom Section 
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 B-6 30 ppt with Ad/Ar = 0.661  

 
 
 
 
 

a) Superficial Gas Velocity = 0.029 m/s  a) Superficial Gas Velocity = 0.036 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.029 m/s  b) Superficial Gas Velocity = 0.036 m/s 
                             Middle Section         Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.029 m/s  c) Superficial Gas Velocity = 0.036 m/s 
                             Bottom Section      Bottom Section 
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 B-6 30 ppt with Ad/Ar = 0.661  

 
 
 
 
 

a) Superficial Gas Velocity = 0.048 m/s  a) Superficial Gas Velocity = 0.056 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.048 m/s  b) Superficial Gas Velocity = 0.056 m/s 
                             Middle Section       Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.048 m/s  c) Superficial Gas Velocity = 0.056 m/s 
                             Bottom Section      Bottom Section 
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a) Superficial Gas Velocity = 0.013 m/s  a) Superficial Gas Velocity = 0.019 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.013 m/s  b) Superficial Gas Velocity = 0.019 m/s 
                             Middle Section       Middle Section 

 
 

 
 
 
 

c) Superficial Gas Velocity = 0.013 m/s  c) Superficial Gas Velocity = 0.019 m/s 
                             Bottom Section      Bottom Section 
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 B-7 45 ppt with Ad/Ar = 0.661  

 
 
 
 
 

a) Superficial Gas Velocity = 0.029 m/s  a) Superficial Gas Velocity = 0.036 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.029 m/s  b) Superficial Gas Velocity = 0.036 m/s 
                             Middle Section         Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.029 m/s  c) Superficial Gas Velocity = 0.036 m/s 
                             Bottom Section      Bottom Section 
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a) Superficial Gas Velocity = 0.048 m/s  a) Superficial Gas Velocity = 0.056 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.048 m/s  b) Superficial Gas Velocity = 0.056 m/s 
                             Middle Section       Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.048 m/s  c) Superficial Gas Velocity = 0.056 m/s 
                             Bottom Section      Bottom Section 
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a) Superficial Gas Velocity = 0.016 m/s  a) Superficial Gas Velocity = 0.023 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.016 m/s  b) Superficial Gas Velocity = 0.023 m/s 
                             Middle Section       Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.016 m/s  c) Superficial Gas Velocity = 0.023 m/s 
                             Bottom Section      Bottom Section 
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a) Superficial Gas Velocity = 0.035 m/s  a) Superficial Gas Velocity = 0.044 m/s 
                             Top Section                    Top Section 

 

 
 
 
 
 

b) Superficial Gas Velocity = 0.035 m/s  b) Superficial Gas Velocity = 0.044 m/s 
                             Middle Section         Middle Section 

 

 
 
 
 
 

c) Superficial Gas Velocity = 0.035 m/s  c) Superficial Gas Velocity = 0.044 m/s 
                             Bottom Section      Bottom Section 
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a) Superficial Gas Velocity = 0.058 m/s  a) Superficial Gas Velocity = 0.068 m/s 
                             Top Section                    Top Section 

 
 

 
 
 
 

b) Superficial Gas Velocity = 0.058 m/s  b) Superficial Gas Velocity = 0.068 m/s 
                             Middle Section       Middle Section 

 
 

 
 
 c) Superficial Gas Velocity = 0.058 m/s  c) Superficial Gas Velocity = 0.068 m/s 
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Abstract  

Alternative pneumatic reactor design, airlift contactor was advantages for shear sensitive 

microorganisms and provided adequate oxygen concentration. This induced to further 

develop configuration of reactor for aqua-culture industries. In this research using column 

with 1.2 m height and 0.137 m diameter installs central with 1 m draft tube height. Gas 

applied through a PVC perforated ring sparger with 30 holes (1 mm in diameter) at the 

bottom base of the annulus section. This investigation concentrated on the effect of salinity in 

different configurations such as draft tube sizes (Ad/Ar = 0.061-1.01), gas supply flow rate (usg 

= 0.01- 0.07 m/s) and salinity levels (0, 15, 30, and 45ppt) on bubble size distribution and 

hydrodynamic characteristics. Nevertheless gas-liquid mass transfer used for investigate the 

efficiency of airlift contactor in various configuration designs. Saline water proposed smaller 

bubble size than fresh water due to saline water properties and ions effects that inhibited 

coalescence and pronounced bubble stable. Double electric layer at the gas-liquid film 

interface enhanced disjoining pressure and balanced the Laplace’s pressure that inhibited 

bubble coalescence. Moreover this film at interface retarded gas-water structure moving pass 

through the interface that resulted to lower overall mass transfer coefficient in saline water. 

However overall volumetric mass transfer and hydrodynamics properties as gas holdup and 

liquid characteristics also affected to overall mass transfer coefficient. Further established 

equation for finding overall mass transfer coefficient in the form of dimensionless Sherwood 

number referred that mass transfer in saline water in this work depended solely on the natural 

convection. 

 

Key words: Disjoining pressure, Laplace pressure, Bubble coalescence, Film thinning 
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Introduction 

An airlift system is an example of gas-liquid contacting device for which its application in 

biotechnology area has grown significantly in recent years (Chisti, 1989, Colella et al., 1999, 

Polli et al., 2002 and Wongsuchoto et al., 2003). One of the significant parameters controlling 

the rate of gas-liquid mass transfer in such system is the bubble size distribution as it 

determines the level of interfacial mass transfer and other hydrodynamic behavior of the 

systems. Bubble breakage was often reported to be a predominant factor in the gas-liquid 

contacting devices particularly at high gas throughputs. (Bo and Lant, 2004, Kantarci et al., 

2005, Bouaifi et al., 2001 and Merchuk et al., 1998) Hence, the systems at high aeration rate 

are typically operated with smaller bubble size range which enhances gas holdup and 

consequently gas-liquid mass transfer. Bubble breakage was also found to take place along 

the height of the column due to an increasing interaction between bubbles as they traveled up 

the top of the column (Colella et al., 1999). The information on bubble size distribution in 

airlift systems has been investigated by several researchers. (Bo and Lant, 2004, Kantarci et 

al., 2005, Bouaifi et al., 2001 and Merchuk et al., 1998) Similar results were reported for this 

system where small bubbles were often found at elevated height and with high gas 

throughput. In particular, Wongsuchoto et al. (2003) reported that bubble breakage caused the 

bubble size at the top part to be smaller than that at the lower part of the ALC.  

The overall volumetric mass transfer coefficient was commonly employed to 

demonstrate the efficiency of oxygen transfer from gas to liquid. This quantity depends on 

the system geometry and liquid properties which are related to several other parameters. 

Principally, this parameter is constituted of the mass transfer coefficient (kL) and the specific 

interfacial area (aL) which then depends on the flow regimes, hydrodynamics and bubble 

characteristics in the system. In addition, electrolyte solutions such as sea water were 

reported to provide a better kLa than in fresh water as the bubble size in such systems was 

relatively small. Moreover Contreras et al., 1999 believed that in sea water overall mass 

transfer coefficient depended on gas holdup and liquid velocity in the system. On the other 

hand, systems with higher viscosity such as CMC (carboxymethyl cellulose) exhibited a 

lower kLa than those running with lower viscosity mediums (Guo-Qing et al., 1995 and 

Vasconcelos et al., 2003). The presence of antifoam promoted bubble coalescence and 

therefore reduced kLa (Al-Masry, 1999 and Vasconcelos et al., 2003). Apart from the liquid 

properties, the reactor design parameters such as the height of the column and the ratio 

between riser and downcomer cross-sectional area (Ad/Ar) are important parameters which 
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affect the flow pattern in the system. For ALCs, it was reported that a larger Ad/Ar ALC 

usually encountered lower kLa than the systems running with smaller Ad/Ar (Wongsuchoto et 

al., 2003).  

The gas-liquid mass transfer is commonly considered as a function of bubble sizes, 

and this was explicitly described in several empirical correlations such as Frossling’s 

equation and Higbie’s theory for bubble column (Painmanakul et al., 2005). Most 

investigations on bubble size distribution were often confined to the system operated with 

water – air as liquid and gas phases, respectively. Salinity is known to alter the properties of 

water, for instance, it decreases the surface tension of the solution, and this could 

significantly affect the bubble size distribution. This, in turn, will have notable influence on 

the gas-liquid mass transfer. This work therefore focuses on the quantitative analysis of the 

influence of salinity on the hydrodynamics and mass transfer behavior of the annulus sparged 

internal loop airlift contactor. 

 

Experimental 

Apparatus 

Experiments were carried out in an acrylic transparent airlift contactor as detailed in Figure 1. 

The column was 1.2 m in height with an inside diameter of 0.137 m. The column was 

equipped with pressure taps along the contactor height for the measurement of pressure drop, 

ΔP, which was used to determine the riser gas holdup, εg,r. A 1 m draft tube height was 

installed centrally in the column with a bottom clearance of 5 cm for liquid circulation. The 

anaerated liquid height was controlled at 3 cm above the draft tube. The ratio between cross 

sectional area was altered by changing the draft tube diameter as provided in Table 1. In this 

work was operated in a semi-batch operation where a continuous air was supplied through 

this perforated ring sparger and saline water was filled in to the column which was always 

controlled at 3 cm above draft tube. Air flow rate was controlled by a calibrated rotameter to 

give a range of superficial gas velocities, usg, from 0.01-0.07 m/s. The aeration was 

accomplished through a perforated ring sparger with 30 holes (1 mm in diameter) provided at 

the bottom base of the annulus section. The sparger was made from PVC tubing with of 0.8 

cm diameter.  
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Bubble size distribution measurement 

The bubble size measurement was performed in riser section using a photographic technique. 

More than 200 bubbles were photographed using a digital camcorder (Panasonic® NV-GS75) 

at three different heights (hi): 10 cm (bottom section), 50 cm (middle section) and 90 cm (top 

section) from the base of the draft tube as illustrated in Fig 1 and Table 3. The correction to 

real size was based on the scale attached to the draft tube with the same focal distance as the 

measured bubbles. The focus was adjusted on the scale and only the well-focalized bubbles 

were measured (Wongsuchoto et al., 2003). For ellipsoidal bubbles, the major and minor axes 

of bubble images were measured. The equivalent size of the bubble (dB), representing the 

diameter of a sphere whose volume was equal to that of the bubble, was calculated using Eq. 

(6) (Hebrard et al., 1996, Couvert et al., 1999).  

B

Aeration was supplied at the bottom of the column through the annulus riser section in 

ALCs with various draft tube sizes. Table 1 provides detail of the operation of this system. 

The salinity was measured by OPTIK Handheld Refractometer and was controlled at 15, 30, 

and 45 ppt. The density of the solution was measured by pycnometer (UL/Y ADAPTER, 

MIDDLE BORO, MA 02346 U.S.A., Brook field ENGINEERING LABS INC) at 100 rpm, 

26.5°C, and the surface tension was measured with KRUSS K10T (Du Noüy Ring). These 

properties were summarized in Table 2.  

Determination of hydrodynamic and mass transfer behavior of ALCs 

The overall gas holdup, εg,o, was determined by the volume expansion method. The unaerated 

and aerated liquid heights were measured and εg,o was then calculated from: 

   
D

LD
og H

HH −
=,ε   (1)  

The riser gas holdup, εg,r, was estimated by measuring the pressure difference (ΔP) between 

two pressure taps located along the height of the column (Δh) where: 

  
hg

P

l
rg Δ

Δ
−=

ρ
ε 1,  (2) 

It was assumed that gas holdup in the top section was approximately equal to that in the riser 

and therefore the downcomer gas holdup, εg,d, can be computed from:  

  (3)  
εg,oHD(Ad+Ar)+(HdtAd – HD(Ad+Ar))εg,r

HdtAd

εg,d = 
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Liquid velocities both in riser and downcomer were measured using the color tracer 

technique. The pressure taps were employed as injection points of the color tracer and the 

recorded time of color tracer between the two points in the contactor was measured for the 

calculation of liquid velocity.  

The overall volumetric mass transfer coefficient (kLa) was determined by the dynamic 

method (Chisti and Moo-Young, 1988, Koide et al., 1983, Lessard and Zieminski, 1971, 

Bouaifi et al., 2001, Vasconcelos et al., 2003 and Wongsuchoto et al., 2003). A dissolved 

oxygen meter (Jenway 9300) was used to record the changes in oxygen concentration with 

time in the ALC. The system was initially freed of O2 by bubbling N2 through the liquid for 

approx. 10 min. The calculation of kLa follows Equation (4): 

 tak
cc
cc

LL
L

=
−∗
−∗

)(
)(ln o  (4) 

 

Results and Discussion 

Effect of salinity on average bubble size  

Figure 2 illustrates that, at low range of usg (<0.02 m/s), the effect of salinity on 

bubble size was not obvious and bubble sizes were in the range of 6.0 to 7.5 mm in all ALC 

systems. At higher usg, the effect of salinity on bubble size became more apparent where the 

bubble size appeared to be smaller in the saline solution than that in fresh water. This was in 

contrast with the fact that saline solution possesses a stronger surface tension and viscosity 

than water and the bubble size in such solution should be larger than in water. However, the 

effect of electrolyte on viscosity (Marangoni effect) was reported not to be adequate to 

regulate the bubble size (Li 2007, Marrucci, 1969, Prince and Blanch, 1990(a)), and therefore 

the effects of salinity on bubble size were mainly due to its ionic properties. This finding was 

in good agreement with several past reports which stated that electrolyte solutions inhibited 

bubble coalescence and retarded bubble riser velocity which then caused the bubble size to be 

smaller than that in water (Marrucci and Nicodemo, 1967, Lessard and Zieminski, 1971, 

Prince and Blanch, 1990(a), Prince and Blanch, 1990(b), Weissenborn and Pugh, 1996 and 

Malysa et. al., 2005). Types and concentration of electrolyte can impose different effects on 

bubble coalescence, for instance, Lessard and Zieminski, 1971 ordered efficiency of 

coalescence in various electrolytes as follows: MgSO4 <MgCl2 <CaCl2 <Na2SO4 <LiCl 

<NaCl< NaBr <KCl.  

There are two types of forces or pressures dealing with the coalescence or breakup of 

the bubbles. The first one is the Laplace pressure which promotes bubble coalescence from 
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the drainage of the liquid film located in between the two adjacent bubbles. This pressure 

depends on the reciprocal of the bubble diameter. However, if the Laplace pressure is too 

strong, bubbles coalesce very rapidly and this caused instability of the bubbles. Therefore, at 

this condition, bubble breakage dominates in the system. The other type of force is repulsive 

force. Electrolytes such as salt increased the repulsive hydration force by enhancing water 

structure due to hydrogen bond at the interface leading to a more stable bubble than that in 

the fresh water system. This formation of repulsive force balances the Laplace pressure, 

inhibiting bubble coalescence (Tsang et al, 2004). The two forces can be written in a 

mathematical form as follows: 

 Π−=Δ
pr

P σ   (5)   

when σ  is surface tension, rp is radius of intersection of three films called the Plateau border 

channel and the ratio between the surface tension and radius of intersection or  ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

pr
σ  is equal 

to Laplace pressure. Π  is the disjoining pressure which is the summation of various forces 

between ions interaction at the gas and liquid interface according to Equation (6).  

 hydDLvdw Π+Π+Π=Π   (6) 

where  is attractive Van der Waals force, vdwΠ DLΠ  is the dielectric double layer force or 

repulsive force and  is short-range repulsive or hydration force. An attractive van der 

Waals force ( ) was weak force attraction and caused from the polarization of molecules 

into dipoles, and can be expressed mathematically as in Equation (7). A dielectric double 

layer ( ) was the repulsive force caused from confinement of the ion charge at gas-liquid 

interface. A hydration forces was short-range repulsive force (

hydΠ

vdwΠ

DLΠ

SRΠ ) resulting from the 

formation of the water molecules near charged surfaces as in Equation (8), 

 36vdw
A
hπ

−
Π =  (7) 

 exp( / )hyd
W h λ
λ

⎛ ⎞Π = −⎜ ⎟
⎝ ⎠

 (8)  

where A is the Hamaker constant which is equal to 10-20 J, h the film rapture thickness, λ the 

decay length of the hydration interaction, mostly takes the value of about 8.5 nm, and W the 

pre-exponential constant ≈ 6 mN/m2 (Tsang et. al., 2004). The film rapture thickness or h was 

reported to be a function of salinity by Cain and Lee (1985) which were equal to 114.7, 106.8 
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98.8, and 90.9 for the water with salinity levels of 0, 15, 30, and 45 ppt, respectively. In the 

same work (Cain and Lee, 1985), it was reported that the dielectric double layer force (ΠDL) 

was negligible compared with the hydration force and should be disregarded from the 

calculation. Moreover, Van der Waals attraction was generally reported to be relatively small 

and was also negligible compared with the hydration force (Marrucci, 1969, Prince and 

Blanch, 1990(a)). Therefore Equation (5) is reduced to  

 hyd
p

P
r
σ

Δ = − Π   (9)   

 The pressure difference, ΔP, in Equation (…9 ) was important in controlling the level 

of bubble coalescence or bubble breakage in the system. ΔP is low for the condition with 

inhibiting bubble coalescence, and high for the bubble coalescence promoting conditions. 

Nevertheless, as mentioned above, a much higher ΔP would result in a breakup of bubbles 

(Stanley 2004). A summary of these forces acting on the bubbles in the airlift systems is 

given in Table 5. 

Let’s define the parameter ΔPC which is the range of ΔP that results in the bubble 

coalescence. The conditions with smaller ΔP lead to the inhibition of bubble coalescence, 

whilst higher ΔP than this would cause bubble breakage, and in both cases, this results in 

smaller bubble sizes. From the results obtained in this work (Table 6), it was clear that the 

bubble size in the water system was the largest (ΔP in water = approx. 20 N/m2 for the whole 

range of usg employed in this work). This was due to the absence of repulsive force to balance 

the Laplace pressure. With the presence of salinity, the repulsive force became stronger. 

However, it was illustrated that this repulsive force was not strong enough to bring ΔP down. 

In contrast, the Laplace pressure in the presence of salinity seemed to be quite large which 

could be the result from the increasing surface tension. This resulted in ΔP having a much 

value than 20 N/m2. Therefore bubbles tended to break in such condition.  

In the airlift with Ad/Ar of 0.067 running with 45 ppt salinity, ΔP was about 43-75 

N/m2 at usg>0.02 m/s and therefore bubble breakup was expected. The bubble size in this case 

was quite small, at 0.001-0.002 m (see Figure 2). Figure 3 illustrates that when the Ad/Ar was 

altered (from 0.067 to 0.661), the condition in the system changed, and despite using the 

same level of usg, the system running with 45 ppt salinity had ΔP of 12-25 N/m2 and larger 

bubbles (0.005-0.006 m) than that at lower Ad/Ar were observed. 

Figure 4 illustrates the relationship between pressure driving forces and the average 

bubble size in all airlift systems employed in this work. It seemed that ΔP that gave the 
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largest bubble size was in the range from 15 – 20 N/m2. A lower ΔP would inhibit bubble 

coalescence and therefore the bubble size was slightly lower than that at ΔP of 15 - 20 N/m2. 

At high ΔP, the bubble size became quite small which suggested that bubble breakup was 

quite significant in controlling the bubble size distribution inside the system. Hence, for this 

work, ΔPC lies at the range of 15-20 N/m2.  

 

Effect of superficial velocity 

Figure 2-3 demonstrates that Sauter mean diameter of the bubbles decreased with superficial 

gas velocity at all salinity levels. This finding agreed well with the reported data in the airlift 

systems operated with various types of liquid (Colella et al., 1999, Contreras et al., 1999, 

Polli et al., 2002 and Wongsuchoto et al., 2003). The bubble sizes were regulated by the level 

of pressure difference in the airlift system as described above. At low range of gas flow rate 

(<0.02 m/s) as shown in Figure 2, the pressure difference was in the range of 15-20 N/m2. 

Therefore this range of ΔP enhanced bubble size. At a higher range of superficial gas velocity 

(>0.02 m/s), the ΔP was higher than 20 N/m2 which promoted the breakup of the bubbles. In 

addition, at this high gas throughput conditions, the airlift contained a relatively high gas 

hold-up which also enhanced the chance of bubbles collision and breaking up.  

 

Local bubble size distribution in airlift systems 

Figure 5 illustrates examples of the bubble size distribution curves obtained from the various 

sections of the ALC system operated with saline water at 30 ppt and with draft tube # DT3. 

As a general trend, bubble size was quit large, in the range of 6.0-8.2 mm at low superficial 

velocity. When the system was operated with higher gas throughput, bubbles became smaller 

in size and the variation in bubble size became bimodal distribution where there were two 

main bubble sizes present at the same time (2 and 6.5 mm). At high gas throughput, bubble 

size became small and the distribution illustrated that there was only one main bubble size in 

the system at this condition (2 mm). Bubble size did not seem to be smaller when the 

superficial velocity became higher than 0.036 m/s. This finding was for the system operated 

with water at salinity of 30 ppt, and it agreed well with the report by Wongsuchoto et al., 

2003 who carried out the experiment in fresh water systems that bubble no longer changed its 

size distribution usg > 0.05 m/s. The difference was that the airlift operated with saline 

solution had smaller bubble sizes than those with fresh water.  
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Axial bubble size distribution in airlift contactors

The axial bubble size distribution was obtained by taking photographs of bubbles in the airlift 

at different heights. Bubble distribution frequency was then formulated for each sampling 

point, and the results were shown in Figure 5. In the top and middle sections, the distribution 

changed from uni-modal to multi-modal curve at usg ≈ 0.019 m/s whereas the bottom section 

saw this change at usg ≈ 0.029 m/s. The breakage of the bubbles at high gas throughput was 

caused by higher amount of energy dissipation and turbulent which promoted more 

interaction between bubbles. The results suggested, therefore, that there was a higher level of 

turbulence in the top and middle sections than that in the bottom. The Sauter mean diameters 

of bubbles in the three sections in the airlift system with Ad/Ar of 0.661 are illustrated in 

Figure 6. This revealed that bubble size in the bottom section was slightly larger than in those 

in the other sections, particularly at a lower range of usg (< 0.04 m/s) examined in this work. 

At a higher usg range, the effect of column height on the bubble size was not obvious and the 

sizes of bubbles were approximately the same throughout the length of the airlift. The same 

finding was found for the system running with tap water as described in Wongsuchoto et al. 

(2003).  

 

Effect of the ratio between downcomer and riser cross-sectional areas on bubble size  

To investigate the effect of the ratio between the downcomer and riser cross-sectional areas 

(Ad/Ar), the experiment was conducted in the airlift contactors running with sea water at 30 

ppt with four different draft tube sizes as detailed in Table 1 and the average bubble sizes are 

shown in Figure 7. At a low range of usg (<0.015m/s), no significant differences in bubble 

size were observed in all systems. At usg greater than 0.015 m/s, the differentiation of the 

bubble sizes in the systems with different draft tube sizes became more obvious, i.e. the 

bubble size was larger with increasing draft tube size (dBs, DT4 > DT3 > DT2 > DT1). In 

other words, the bubble size was larger in the system with smaller riser cross sectional area. It 

was possible that turbulence in the system with smaller riser area was stronger than those 

with larger riser areas, and the chance of bubbles being coalesced at this high turbulent 

regime was relatively high. Figure 6 also illustrates that the effect of Ad/Ar on bubble size was 

more obvious at the bottom section, and not as much in the middle and top sections. As stated 

earlier, the level of turbulence in the middle and top sections of the airlift with the size used 

in this work was stronger than that in the bottom section. With similar level of turbulent 

intensity in the top part of the various airlift systems, bubble sizes in this section were not 
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significantly regulated by Ad/Ar. Unlikely, the bottom section was operated at lower turbulent 

intensity where the airlift with different Ad/Ar might exert noticeable levels of turbulence 

intensities. This resulted in a distinguishable bubble sizes as observed in Figure 7. This 

finding was also similar to the performance of airlift contactor operated with fresh water as 

reported in Wongsuchoto et al. (2003).  

 

Overall volumetric mass transfer coefficient (kLa) in the airlift systems operating with sea 

water 

The overall volumetric mass transfer coefficient (kLa) was calculated from Equation (4). The 

change in the overall volumetric mass transfer coefficient (kLa) with superficial gas velocity 

and salinity level was shown in Figure 8. This illustrated that kLa increased with superficial 

gas velocity but decreased with an increase in salinity. As an overall observation, salinity 

seemed to have adverse effects on kLa and the system with fresh water always imposed a 

higher kLa than those running with sea water. The effect of salinity on kLa was quite 

complicated. At low range of usg (<0.03 m/s), the effect of salinity did not seem to be 

significant, however, the effect became more pronounced at high aeration rate (usg > 0.03 m/s) 

and kLa was the highest at 30 ppt followed by those at 15 and 45 ppt, respectively.  

This kLa quantity composed two main parameters, i.e. “kL” or overall mass transfer 

coefficient, and “a” or specific interfacial area. Generally kL was reported to be a function of 

turbulence, liquid properties and bubble size. As the salinity did not have notable effect on 

liquid properties, kL should be controlled only by turbulence and bubble size. The two film 

theory suggested that kL was more regulated by the shear rate at the gas-liquid interface which 

was controlled by the slip velocity or the difference in the bubble and liquid velocity. 

However, the estimate of kL required the use of certain empirical correlation whereby the 

coefficients needed to be obtained from experimental data. These parameter fittings would be 

described shortly after the calculation of specific area.  

The specific interfacial area (a) was estimated using Equation (9):  
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where εg,r is the riser gas holdup and dBs Sauter mean diameter which is defined as: 
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where ni is the occurrence frequency number of the sphere bubbles diameter, dB,i. The two 

parameters significant for the determination of the specific mass transfer area were average 

bubble size (Figure 3) and gas holdup. Figure 9 illustrates that the effect of salinity on gas 

holdups in the system was only marginal and the specific area should only vary with bubble 

size. As discussed earlier in this article, the bubble size in sea water was smaller than that in 

fresh water and became smaller with an increase in superficial gas velocity. Therefore the 

specific interfacial areas obtained in the systems at all salinity levels were higher than that in 

the fresh water system.  

It was primarily assumed that the gas holdup was uniform throughout, both in axial 

and radial directions. The estimates of specific interfacial area (a) in the airlift system with 

Ad/Ar = 0.661 at various salinities is displayed in Figure 10. This finding revealed that effect 

of salinity on specific area was only marginal at low range of superficial gas velocity (usg 

<0.028 m/s), and became more significant at higher usg. The largest gas-liquid surface area 

was obtained from the airlift operating with saline water at 15 ppt, followed by those at 30 

and 45 ppt. This corresponded well with the information on the effect of salinity on bubble 

size in Figure 3.  

Now that once the information on kLa and a became known, the overall mass transfer 

coefficient or kL could simply be calculated by dividing kLa with a and the results are given in 

Figure 11 

 

Estimate of kLa 

The mass transfer rate for entire contactor was proposed in the terms of the overall 

volumetric mass transfer coefficient (kLa)T and could be calculated from sum of the mass 

transfer rates in riser and downcomer section as follows: 
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where VL,r is the volume of liquid in riser, VL,d the volume of liquid in downcomer and VL,T 

the volume of total liquid. (kLaL)r and (kLaL)d were obtained from kL,r  multiplied by aL, r and  

kL,d  multiplied by aL,d. 

As a was obtained from the measurement, the estimate of kLa requires only the 

estimation of kL. As mentioned above, the mass transfer coefficient, kL was reported as a 

function of liquid properties and bubble size. It was assumed that Schmidt number remained 

constant as salinity did not significantly alter the properties of the liquid (Higbie et. al., 1935, 
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Calderbank, 1967., Bailey et. al., 1977, Painmanakul et. al., 2005), and hence, the 

dimensionless relationship between Sherwood number (Sh), Reynold number (Re) and 

Grashof number (Gr) could be formulated as follows:  
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 free convection

forced convection 

 

 Generally, Grashof number, Gr represents the mass transfer by natural convection or 

free rise velocity whilst Reynolds number, Re, is the mass transfer form forced convection:  
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The velocity and bubble diameter used in the calculation of Reynolds number were the slip 

velocity, vs, and Sauter mean diameter, dBs. The slip velocity in riser, vs,r was calculated as a 

function of the terminal rise velocity of a single bubble, u∞, which were related to hindering 

effects from neighboring bubbles in the riser section. Information on bubble sizes was then 

employed to estimate the slip velocity of the gas bubbles in the system using the following 

equation (Marrucci, 1965; Wallis, 1969): 
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where u∞ is the terminal bubble riser velocity which can be calculated using the correlation 

proposed by Jamialahmadi et al., 1994. 
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The parameters a - h in Equation (12) was then determined from experiments.  

Equation 14 must be used to predict kL,r and kL,d, and in doing so, the slip velocities or 

terminal rise velocities in both riser and downcomer must be known (from Equations 7 and 8) 

for the calculation of Reynolds number. As the photographic technique could only be used to 

measure the bubble size in riser, bubble size in downcomer was not known and the 

determination of slip velocity in downcomer was not possible. However, the average bubble 

size in downcomer (dB,d) could be estimated from the downcomer liquid velocity, uL,d, by 

assuming that the liquid must have velocity equaled to the terminal velocity to be able to drag 

the bubble down into the downcomer, or  

 dLds uv ,, =  (17) 

Once the terminal velocity was known, the Levich equation (Levich, 1962) as shown in 

Equation (16) was proposed for the calculation of bubble size:  

 
2

,
, 2

8.1
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= dL

dB

u
g

d  (18) 

Assume that there was no variation of bubble size along the radial and axial directions in 

downcomer:  

 dBdBs dd ,, =  (19) 

The aL,d was calculated from substitution of dBs,d from Equation (19) and εg,d from the 

experiment to Equation (3).  

 The parameters a-h in Equation 12 were evaluated using non-linear parameter fittings 

using all the results available in this work, and the results are given in Table 7 (noted that 

these parameters were obtained from the solver function in the MS Excel 97 where the 

objective was a minimal error between experimental and simulation data). For the case of tap 

water, the results from parameter fitting were reasonably close to those proposed from 

Wongsuchoto et al. (2003) (as shown in the last row of Table 7). The fittings for the saline 

water gave somewhat different results from that for pure water in that the terms Reynolds 

number was not involved in the pure water system, but it was, to certain extent, for the saline 

water systems. This meant that the mechanism controlling the mass transfer coefficient in 

pure water was only the natural convection whereas the force convection as represented by 

the Reynolds term also was significant in the system operated with saline water. Figure 12 

illustrates the comparison between the calculated and experimental kLa of the airlift contactor 

operated with various saline solutions. 
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Conclusion 
 This work concentrated on bubble distribution and related with oxygen transfer from 

gas to liquid phase in internal loop airlift contactor. Apart researches about effect of salinity 

was very sparse. This research found that the bubble size was smaller than operating with 

fresh water due to hydrodynamics properties and liquid properties. Bubble break-

up/coalescence depended on two bubble came to contact then breakage or coalescence. The 

bubble pronounced coalescence to large bubble size when there appeared driving pressure 

different in the range of pressure different from 15 – 20 N/m2. After enhancing pressure 

different would promote bubble break-up due to external force that accelerated film thinning 

at the gas-liquid interface. This lower range of pressure different appeared smaller bubble 

size due to hydrophilic repulsive forces inhibited bubble coalescence. This smaller bubble 

size in saline water caused to higher amount of specific interfacial area that enhanced the 

overall volumetric mass transfer coefficient whereas decreased overall mass transfer 

coefficient due to bubble size effect. Moreover this research also calculated overall mass 

transfer from Sherwood number by using empirical data. From this correlation insisted that 

gas transferred to liquid phase by means of natural convection that related to bubble size.  
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