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THAI ABSTRACT  

แพรวพกุล ศิลธรรม : พฤติกรรมด้านอุทกพลศาสตร์ของนวัตกรรมถังสัมผัสอากาศยกแบบไร้แผ่น
กั้น. (HYDRODYNAMIC  BEHAVIOR AND GAS-LIQUID MASS TRANSFER OF NOVEL NON-
BAFFLED AIRLIFT CONTACTOR) อ.ที่ปรึกษาวิทยานิพนธ์หลัก: รศ. ดร.ประเสริฐ ภวสันต์ , 122 
หน้า. 

งานวิจัยนี้ศึกษาพฤติกรรมทางอุทกพลศาสตร์และการถ่ายเทมวลสารของนวัตกรรมถังสัมผัสอากาศ
ยกแบบไร้แผ่นกั้นระหว่างส่วนของเหลวไหลขึ้นและส่วนของเหลวไหลลงที่มีการไหลวนแบบภายใน ถังที่ศึกษามี 
2 รูปแบบ คือ แบบแบนและแบบกรวย โดยแบบแบนศึกษาที่ความกว้างของถังเท่ากับ 20, 30, 40 และ 50 
เซนติเมตร และแบบกรวยที่มุม 30o , 45o และ 53o ตัวแปรที่ศึกษา คือ อัตราการให้อากาศและระดับความสูง
ของน้้าก่อนให้อากาศ (สูง 40, 50, 60 เซนติเมตร และที่ความสูงเท่ากับปริมาตร 100 ลิตร) จากผลการศึกษา
พบว่า เมื่ออัตราการให้อากาศเพิ่มมากขึ้นจะส่งผลให้ค่าทางอุทกพลศาสตร์ ซึ่งได้แก่ ปริมาณก๊าซในระบบ การ
กระจายตัวของขนาดฟองอากาศ ความเร็วของของเหลวไหลลง และการถ่ายเทมวลสาร มีค่าเพิ่มมากขึ้น 
ส้าหรับพ้ืนท่ีของของเหลวไหลขึ้นและพื้นที่ของของเหลวไหลลงจะไม่แปรผันตามอัตราการให้อากาศและระดับ
น้้าก่อนให้อากาศ แต่จะแปรผันตามความกว้างของถังส้าหรับถังแบบแบน ในขณะที่ถังแบบกรวยจะแปรผันตาม
มุมของกรวย การกระจายตัวของขนาดฟองอากาศจะแสดงผลได้เฉพาะในถังแบบแบนเพราะวิธีการวัดขนาด
ฟองอากาศด้วยการถ่ายภาพไม่สามารถใช้ได้ในถังแบบกรวย ที่อัตราการให้อากาศต่้า (น้อยกว่า 0.4 เซนติเมตร
ต่อวินาท)ี ฟองอากาศจะมีขนาดเล็ก (เส้นผ่านศูนย์กลางประมาณ 0.3-0.4 เซนติเมตร) ลักษณะการกระจายตัว
ของขนาดฟองอากาศเป็นแบบทวิฐานนิยม เมื่ออัตราการให้อากาศสูง (มากกว่า 1 เซนติเมตรต่อวินาที) 
ฟองอากาศจะมีขนาดใหญ่ (เส้นผ่านศูนย์กลางประมาณ 0.5-0.6 เซนติเมตร) และมีลักษณะการกระจายตัวแบบ
ฐานนิยมกว้าง เส้นผ่านศูนย์กลางเฉลี่ยของขนาดฟองอากาศประมาณ 0.2-0.8 เซนติเมตร ปริมาณก๊าซในระบบ 
และสัมประสิทธ์ิการถ่ายเทมวลสารของถังแบบแบนจะมีค่าเพิ่มมากขึ้นตามความกว้างของถังจากความกว้าง 30 
เซนติเมตร ไปยัง 50 เซนติเมตร แต่ที่ถังกว้าง 20 เซนติเมตร ค่าต่างๆ จะมีค่าสูงเทียบเท่ากับค่าของถังกว้าง 50 
เซนติเมตรและมีค่าสูงที่สุดเมื่ออัตราการให้อากาศเท่ากับ 0.6 เซนติเมตรต่อวินาที โดยค่าสูงสุดของปริมาณก๊าซ
ในส่วนของเหลวไหลขึ้น ปริมาณก๊าซในส่วนของเหลวไหลลง ปริมาณก๊าซรวมในระบบและสัมประสิทธิ์การ
ถ่ายเทมวลสารมีค่าเท่ากับ 0.10, 0.075, 0.08 และ 0.014 ต่อวินาที ตามล้าดับ นอกจากน้ีในถังกรวย พบว่า ค่า
ปริมาณก๊าซในส่วนของเหลวไหลขึ้น ปริมาณก๊าซในส่วนของเหลวไหลลง ปริมาณก๊าซรวมในระบบและ
สัมประสิทธิ์การถ่ายเทมวลสารจะมีค่าลดลงเมื่อมุมกรวยเพิ่มมากขึ้น ค่าสูงสุดของปริมาณก๊าซในส่วนของ
เหลวไหลขึ้น ปริมาณก๊าซในส่วนของเหลวไหลลง และปริมาณก๊าซรวมในระบบเท่ากับ 0.09, 0.06 และ 0.07
ตามล้าดับ ส่วนสัมประสิทธ์ิการถ่ายเทมวลสารของถังชนิดกรวยจะมีค่าใกล้เคียงกันในทุกสภาวะการทดลองและ
จะมีค่าเพิ่มมากข้ึนเมื่ออัตราการให้อากาศเพิ่มขึ้น ส้าหรับความสูงของระดับน้้าก่อนให้อากาศจะส่งผลเฉพาะค่า
ความเร็วของของเหลวไหลลงเท่านั้น นั่นคือ เมื่อความสูงของระดับก่อนให้อากาศเพิ่มขึ้นจะส่งผลให้ความเร็ว
ของของเหลวไหลลงเพิ่มขึ้น ซึ่งความเร็วของของเหลวไหลลงสูงสุดส้าหรับถังแบนและกรวยเท่ากับ 27 และ 24 
เซนติเมตรต่อวินาที ตามล้าดับ  
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ENGLI SH ABSTRACT  

# # 5470316621 : MAJOR CHEMICAL ENGINEERING 
KEYWORDS: HYDRODYNAMIC / MASS TRANSFER / AIRLIFT CONTACTOR / FLAT PANEL / CONE 

PRAEWPAKUN SINTHARM: HYDRODYNAMIC BEHAVIOR AND GAS-LIQUID MASS 
TRANSFER OF NOVEL NON-BAFFLED AIRLIFT CONTACTOR. ADVISOR: ASSOC. PROF. 
PRASERT PAVASANT, Ph.D., 122 pp. 

This work purposed to study hydrodynamic behavior and gas-liquid mass transfer of 
novel non-baffle airlift contactors in which the fluid cyclic flow pattern was induced without 
the need of physical partition between riser and downcomer. Two geometries were 
examined, i.e. flat panel and cone bottom cylindrical airlifts. The flat panel of various widths, 
i.e. at 20, 30, 40, and 50 cm and the cone of various angles of bottom cone, i.e. at 30o, 45o 
and 53o were employed as a model study. The parameters for analysis were aeration rate and 
unaerated liquid height (40, 50, 60 cm and at volume 100 L). Results showed that most 
hydrodynamic parameters, i.e. riser gas-holdup, downcomer gas-holdup, overall gas-holdup, 
bubble size, downcomer liquid velocity and mass transfer (kLa) increased with aeration rate. 
Riser and downcomer cross sectional area did not depend on air flow rate and unaerated 
liquid height, but did depend on the width of contactor for flat panel and angle of cone 
bottom for flat plate and cone geometries, respectively. Bubbles size distribution could only 
be observed in flat panel configuration as the employed photographic technique could not 
be used accurately with the cone bottom airlift. At low usg (<0.4 cm/s), bubble sizes were 
small (0.3-0.4 cm) and presented in bimodal distribution. The high air flow rate (usg > 1 cm/s) 
bubble sizes were large (0.5-0.6 cm) and with a broader distribution. Bubble Sauter mean 
diameter was within the range of 0.2-0.8 cm. Flat panel showed that riser gas-holdup, 
downcomer gas-holdup, overall gas-holdup and kLa increased with the width of contactor 
from 30 to 50 cm, whereas the contactor with the width of 20 cm exhibited similar behavior 
with those of 50 cm. The maximum values of riser gas-holdup, downcomer gas-holdup, 
overall gas-holdup and kLa were 0.10, 0.075, 0.08 and 0.014 1/s, respectively. On the other 
hand, it was demonstrated that riser gas-holdup, downcomer gas-holdup and overall gas-
holdup from the cone geometry decreased when the angle of bottom increased. The 
maximum values of riser gas-holdup, downcomer gas-holdup and overall gas-holdup were 
0.09, 0.06 and 0.07. The kLa of the cone geometry only depended on air flow rate and not on 
other design parameters. The unaerated liquid height had strong effect on downcomer liquid 
velocity. The maximum of downcomer liquid velocity in the flat panel and cone geometries 
were 27 and 24 cm/s, respectively.  
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CHAPTER I 
INTRODUCTION 

 

1.1 Motivations  

Airlift reactors are one type of pneumatic reactors which have several advantages 
over other types of pneumatic reactors such as simple construction, low energy 
requirement, low shear, good recirculation and uniform flow pattern. These make 
airlift reactors widely applied in many industries e.g. chemical, water treatment, 
pharmaceuticals, fermentation particularly in biotechnologies for cell culture 
cultivation. 

Typical airlifts employ either draft tube or separation plate installed inside the 
column to physically separate riser from downcomer. This extra partitioning 
component has generated some drawbacks such as the installation, cleaning, 
maintenance, not to mention the higher cost of construction. Due to these 
problems, a novel airlift system “Non-baffled airlift contactor” has been developed 
at the Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn 
University. This novel system was designed such that a pattern cyclic movement of 
fluid can be induced without having to install the draft tube or separating plate. 
Preliminary examination indicates that this configuration works quite well as airlift 
system. This work aims to study the hydrodynamics and mass transfer of this novel 
contactor to generate necessary design information for such system. 

1.2 Objectives 

The objective of this work is to investigate hydrodynamics (gas holdup and liquid 
velocity) and mass transfer characteristics of novel non-baffled airlift contactors. 

1.3 Scopes of this work    

 The cone and flat panel airlift contactors are examined in this work. 

 The air flow rate is controlled at 0.1 to 0.3 vvm (gas volume flow per unit of 
liquid volume per minute). 

 Only gas-liquid systems are examined where water is liquid phase and air is 
the gas phase. 

 Experiments are performed with outdoor conditions. 
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CHAPTER II 
 BACKGROUNDS & LITERATURE REVIEW 

 

2.1 Airlift contactors 

Airlift contactors cover a wide range of gas-liquid or gas-liquid-solid pneumatic 
contacting devices characterized by fluid circulation in defined cyclic pattern  
(Chisti, 1989). Airlift contactors do not have mechanically agitated device, mixing in 
airlift system arise from pneumatically agitated by a stream of air or gas that is 
usually injected at the bottom of contactors. Airlift contactors have fix flow patterns 
of fluid circulation that are different from bubble columns (another type of 
pneumatic contactors) which have random flow of fluid in system (show in figure 
2.1(a)). Airlift contactors comprise three sections with different flow patterns as 
described below: (Schematic flow directions shown in Figure 2.1(b))  

Riser: Gas is injected in this section, and therefore contains the highest gas 
content. The fluid density in this section is lower than other section, which makes 
fluid move up to the top of riser by gas lift momentum transfer and the buoyant 
force due to the different fluid density between riser and downcomer.  

Gas-liquid separator: The section locates at the top of riser and downcomer. 
Fluid from riser enters into this section and spends some time in separator after that 
it leaves to downcomer. Some of the gas bubbles disengage from the fluid at the 
top of the contactor. Design of this section could have gas residence time in this 
section longer than times required for the gas bubble disengagement (Chisti, 1989).   

Downcomer: As most gas bubbles in fluid leaves from separator the density 
of fluid becomes higher and flows downward in the downcomer section and 
recirculates back to the riser again along with fresh air/gas bubbles at the bottom of 
the contactor.  

Apparently the various fixed flow patterns in the airlift are induced from the   
difference of fluid densities in each section and result in a circulation pattern in the 
system, this characteristic of airlift reactor is not found in other types of pneumatic 
contactors. 
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2.1.1 Types of airlift contactors 

There are two types of airlift contactors, internal loop and external loop  
(as shown in Figure 2.2).  

 (1)  Internal loop airlift contactors (ILALR) contain riser and downcomer in 
a single column, each section separate by installation of draft tube in the cylindrical 
column or by tightly fitting vertical baffle in rectangular contactors. 

 (2)  External loop airlift contactors (ELALR) consist of two or more 
columns for riser and downcomer, and these are connected by horizontal conduits 
at the top and bottom sections. 

 

2.1.2 Advantages of airlift contactors 

Airlift contactors have been widely applied in biotechnology and multiphase 
chemical reactions particularly those that do not require high mass transfer rate    
(Lu et al., 2000). Some of advantages of airlift over are another kind of contactors 
(bubble columns and stirred tanks), are listed below (Choi et al., 1996, Luo et al., 
2011, Chisti, 1989) : 

 Simple construction 

 Low power consumption 

 Good mixing and circulation 

 Homogeneous distribution of hydrodynamic shear 

 Relatively high mass transfer efficiency 

 Reducing contamination of seals 

 Low capital cost 

 Low shear stress 

 Well defined flow pattern 

 Controllable liquid circulation rate 

 Mild and uniform mixing 

 Better suited to suspending solid   
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2.2 Gas-liquid hydrodynamics and mass transfer  

The important variables that indicate behavior of airlift contactors are gas holdup, 
liquid velocity and gas-liquid mass transfer. The relationships between the various 
variables are necessary for design and scale up of airlift system. Details of 
hydrodynamic and gas-liquid mass transfer are discussed below. 

 

2.2.1 Hydrodynamics behavior  

2.2.1.1 Gas holdup 

The essential parameter for design airlift contactors is the volume fraction of the gas-
phase in the gas-liquid that is known as the gas void fraction or the gas holdup.  
In generally, the gas hold up in riser is higher than downcomer. The gas hold up can 
be used to indicate the potential mass transfer in reactors, whereby the large gas 
hold up indicates the large gas-liquid interfacial area (provided similar bubble sizes). 
Moreover, the difference in gas hold up between riser and downcomer indicates the 
driving force of liquid circulation in system. The overall gas holdup ( ) is the ratio 
between the volume of gas phase and the total volume of contactor which can be 
expressed as: 

    
  

     
 2.1 

where: VG is the gas volume 

 VL is the liquid volume. 

The gas holdups are different in each parts of airlift contactors (riser, gas-liquid 
separator and downcomer). In general, gas holdups are described using three 
quantities, i.e. overall gas holdup, riser gas holdup and downcomer gas hold up, they 
can be correlated as follows: 

   
         

     
 2.2 

where:  r is the riser gas holdup 

  d  is the downcomer gas holdup 

  Ar is the riser cross sectional area  

 Ad is the downcomer cross sectional area. 
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 The overall gas holdup cannot be determined directly, they can be 
determined from the volume expansion method where 

      
  

  
 2.3 

where:   o is the overall gas holdup 

 hu is the unaerated liquid height   

hA  is the dispersed liquid height. 

Riser and downcomer gas holdups can be determined from the pressure drop 
measured from the two side-ports of the column where  

       
  

  
 2.4 

where: ∆Z is the pressure difference of defined liquid level  

∆H is a distance of liquid level in the airlift column. 

 

 Table 2.1 summarizes literature of hydrodynamics and mass transfer in ELALR 
and ILALR in various conditions. 

 In summary, literatures conclude that increasing the superficial gas velocity 
(usg) increased gas holdup. The geometric design of airlift contactors had significant 
influence on gas holdup, i.e. gas holdup decreased with an increase in downcomer 
and riser cross section area (Ad/Ar) at the same superficial gas velocity (Lu et al., 
2000, Luo et al., 2011, Korpijarvi et al., 1999). This was because a change in the ratio 
of Ad/Ar, changed the liquid and gas resident time in each part of reactor. A small 
diameter of draft tube (large Ad/Ar), although induced high riser liquid velocity, 
imposed high flow resistances and allowed a short time for gas bubbles in riser. Thus 
low liquid circulation velocity was resulted and this generally let to low, gas holdup 
in downcomer. 

 As for the large scale airlift, the gas hold up normally increases with an 
increase in the superficial gas velocity for all scale reactors (Masry et al.,1998, 
(Juraščík et al., 2006). Scale influence on gas holdup were investigated by Blazej  
et al. (2004). They found the gas holdup driving force ( r -  d) was important only for 
lower gas flow rate but high gas flow rate, the circulation velocity was governed by 
friction of contactor wall. To provide higher circulation velocities (shorter mixing 
times) and a better distribution of the gas phase (higher gas hold-up), it was suitable 
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to use larger contactor volumes to avoid unfavourable influences of the gas hold-up 
reduction due to wall friction. 

  

2.2.1.2 Liquid velocity 

Liquid velocity is one of the important parameters for the design of airlift system. 
This parameter, describes both liquid velocities in riser and downcomer. Liquid 
velocity can indicate momentum transfer from the gas input to the system and 
difference fluid densities between riser and downcomer that forces the fluid in the 
riser to move up and move down in downcomer and induce the liquid circulation in 
system. Liquid velocity is measured in terms of linear liquid velocity defined as: 

     
  

 
 2.5 

where: vi   is liquid velocity 

 Li   is the liquid path length  

   t   is times for liquid movement.  

 i   is riser or downcomer 

 Generally, rate of gas input to airlift system is can be related to superficial 
liquid velocity (uL) calculated based on the empty column area. The superficial liquid 
velocity and actual liquid velocity in riser and downcomer can be related as: 

     
    

      
 2.6 

 

     
    

      
 

2.7 

where:   vr is actual linear liquid velocities in riser  

            vd  is actual linear liquid velocities in downcomer 

  uL,r is superficial liquid velocities in riser  

  uL,d is superficial liquid velocities in downcomer 

 The relationship between the riser and downcomer of superficial liquid 
velocities can be formulated as follows:  
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                2.8 

Literatures (shown in Table 2.1) suggest that an increase in superficial gas velocity 
increases the liquid velocity (Freitas et al., 1999, Kochbeck & Hempel, 1994, Šimčík et 
al., 2011). Flow regime has significant effects on liquid velocity. It was reported that 
liquid velocity in downcomer increased rapidly in the homogenous flow regime, 
while only slightly increased in the heterogeneous flow regime  (Blažej et al., 2004, 
Luo et al., 2011). Because the high superficial gas velocity in heterogeneous created 
high friction loss, this  turned to reduce liquid velocity. Another reason was that the 
heterogeneous flow regime contained more larges bubble that  could not move 
down in downcomer due to their high terminal velocity. 

At the same superficial gas velocity, the riser liquid velocity increased with an 
increase in the ratio between downcomer and riser cross section area (Ad/Ar).  
This was because a smaller riser area normally induced a faster liquid velocity in 
riser, however, this ended up with a much lower gas holdup and lower downcomer 
liquid velocity (Wongsuchoto & Pavasant, 2004, Kochbeck & Hempel, 1994). As an 
overall observation, the circulation rate also decreased with an increase in Ad/Ar. 
Heijnen et al. (1997) concluded that a higher liquid velocity was obtained from the  
larger scale of contacor because of the lower wall friction as a result of lower wall to 
volume ratio.  

 

2.2.2 Gas-liquid mass transfer  

Gas-liquid mass transfer is among the most important factors for in the design of 
bioreactors. Generally, the two-film theory is used for describe mass transfer 
between the two phases. The mechanisms of gas transfer to liquid can be described 
into four steps: 

1. the gas transported from inside the bubble to gas film 

2. the gas transferred from the gas film to the gas-liquid interface 

3. the gas transferred from the gas-liquid interface to the liquid film 

4. the transport in the bulk liquid  

The mass transfer resistance on the gas side is much lower than that in the 
liquid side, and the mass transfer resistance is only controlled by the resistance of 
the liquid film. 
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The volumetric mass transfer coefficient (kLa) is the rate of gas transfer 
through the gas–liquid interface per unit liquid volume and per unit driving force. The 
kLa combine two quantities, kL is a gas-liquid mass transfer coefficient and a is 
specific surface area. The kL is related to the gas side and liquid side mass transfer 
coefficient Kg and KL through the Henrry‖s law constant (He): 

 

 
   

 

  
 

 

    
 2.9 

For oxygen, KG is larger than KL so that we can neglect the second term of the right 
side of Equation 2.9 and reduces kL   KL. In fact kL and a are difficult to determine 
separately, and they are more common to be evaluated by: 

   

  
      (  

      )      
 2.10 

where: kLa  is the overall volumetric gas-liquid mass transfer coefficient 

 CL   is dissolved oxygen concentration 

CL
* is dissolved oxygen concentration in equilibrium with partial pressure  

of oxygen in air 

   
   is the rate of oxygen used per unit mass 

In the system without reactions,    
 disappeared and Equation 2.9 became 

   

  
      (  

      ) 2.11 

 From the literatures review, the volumetric oxygen mass transfer coefficient 
increased with an increase in superficial gas velocity. When Ad/Ar increased kLa 
decreased because liquid in riser moved quite fast and there were less contacting 
time between gas bubbles and liquid and therefore lower energy transfer (Hsiun & 
Wu, 1995, Littlejohns & Daugulis, 2009). 

Masry et al. (1998) investigated the three external loop airlift contactors 
different ratios of downcomer to riser area (Ad/Ar) (i.e. Ad/Ar 0.25 implies the smaller 
reactor, Ad/Ar 0.44 implies the medium reactor and Ad/Ar 1 implies the larger reactor). 
The volumetric gas-liquid mass transfer coefficient (kLa) was found to decrease as the 
reactor was scaled-up and liquid circulation velocity increased. Increasing Ad/Ar 
increased the riser liquid velocity, shortened the time the bubbles spent in the riser 
thus decreases the gas hold-up in the riser. This in effect decreased the interfacial 
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area available for mass transfer and hence lowered the volumetric gas-liquid mass 
transfer coefficient.  

For scale up of internal-loop airlift reactors, Jurascik et al.(2006) found that 
kLa increased with increasing superficial gas velocity in all scale reactors (12, 40 and 
195 L). 

 

 

Figure 2.1 Configurations of pneumatic reactors: (a) bubble column and (b) airlift 
contactor (Krichnavaruk et al., 2005) 

 

 

Figure 2.2 The type of airlift reactors: (a) internal loop airlift contactor (b) external 
loop airlift contactor (Krichnavaruk et al., 2005) 

(a) (b) 

(a) (b) 

Downcomer 

Downcomer 
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CHAPTER III 
MATERIALS AND METHODS 

 

3.1 Summary of scope and methodology 

Experiments in this work could be described using the following diagram. Detail of 
each section was delineated in this chapter. 

 

 

Figure 3.1 Outline of experiments and analysis in this work 

 

Flat panel Cone

Widths dimension 
• 20, 30 , 40 , 50 cm

Angles of bottom
•30 o , 45o and 53o

Determination of virtual riser and downcomer cross section area

Effect of unaerated liquid height 

hydrodynamics and gas-liquid mass transfer

Gas holdup ( ) Liquid velocity (vLd) Volumetric mass transfer coefficient 
(kLa)

Gas flow rate 0.1-0.3 vvm

Data analysis

Calculations

Novel non-baffled airlift contactor

Bubble size distribution and bubble size diameter
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3.2 Experimental setup  

The large scale internal-loop airlift contactor was used in this work. The airlift system 
was operated as a two phase system (liquid and gas), where the liquid phase was 
water supply and the gas phase was ambient air. The liquid was filled in the airlift 
contactors and the gas was supplied by air pump. The shape of airlift contactors in 
this work were flat panels and cones, flat panels were made of fiber with the 
dimension of: length 100 cm, height 80 cm and varied widths (Figure 3.2 and 3.3). 
The cones shape airlifts were made of acrylic with the height of 80 cm and varied 
angle (Figure 3.4 - 3.5). For all experiments, air was dispersed by porous spargers 
installed along the length of flat panel and at the middle of cone. Gas flow rate was 
controlled in range 0.1 to 0.3 vvm (gas volume flow per unit of liquid volume per 
minute) and regulated by rotameters.  The experiments could be setup divided into 
3 parts, i.e. (i) various designs of airlift contactors, (ii) determination of virtual riser and 
downcomer cross-section area, (iii) effect of liquid height. 
 

3.2.1 Various designs angle of cone and width of flat panel 

Hydrodynamics and mass transfer of large scale airlift contactor was being 
investigated in this section. Flat panel airlift contactors were varied in width 
dimension (20, 30, 40 and 50 cm) whilst the operation of cones airlifts were subject 
to the angle at the bottom of the contactor from 30o to 45o and 53o. 

 

3.2.2 Determination of virtual riser and downcomer cross-section area 

As the airlift had no solid partition to indicate the riser and downcomer area, the 
sizes of riser and downcomer were variable. It was the purpose of this section to 
propose a method employed to determine the ―virtual‖ cross sectional area of riser 
and downcomer. This boundary between riser and downcomer was important for the 
calculation of hydrodynamics and mass transfer in the system. The liquid flow 
directions were observed by directions of light rope as follows: 

- Set equipment as displayed in Figure 3.6 

- Turn on the air at a desired flow rate to the water-filled airlift contactors, 
wait until the system operates at steady state (no further changed in fluid 
movement) 
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- Inject pole with a light rope and analyze the characteristics of the light rope 
directions. If the rope flow up show that, this point is defined in riser zone if 
the rope flow down, this point is downcomer  

- Repeat experiments at various height  

- Estimate the distances of riser and calculate area of riser of each type of 
contactor with Equations 3.1 and 3.3 

- Calculate downcomer area by Equations 3.2 and 3.5 

- Repeat experiment, change the air flow rate from 0.1 to 0.3 vvm  

Example of finding flow direction by light rope is shown in Figure 3.7.  

 

3.2.3 Effect of liquid height 

Liquid height posed the hydrostatic pressure in the system which could affect both 
hydrodynamic and mass transfer behaviors in contactor. This section aimed to 
investigate such relationships where the unaerated liquid height is varied from 40, 50, 
60 cm and height at 100 L (fill water 100 L in contactor and measure water height 
from bottom of contactor). Experiments can be described step by step as follows:  

- Fill water at different heights of contactor (40, 50, 60 cm and the height at 
100 L in volume) 

- Measure gas holdup, liquid velocity and gas-liquid mass transfer  

- Repeat the experiments with gas supply from 0.1 to 0.3 vvm 

Volumes of contactors at different unaerated liquid heights are shown in Table 
3.1-3.2. 

 

3.3 Measurements 

3.3.1 Bubble size 

The bubble size measurement was used by photographic technique. Bubbles were 
photographed by digital camera (Canon EOS 60D) at different air flow rate and 
unaerated liquid height. The real sizes of bubbles were based on scale attached to a 
board that dips in the contactor. The steps are: 
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1. Fill water into contactor at desired level of unaerated liquid height 

2. Attach scale to a board and dips in the contactor at position that want to 
photograph the bubble  

3. Turn on the air at a desired flow rate 

4. Focus camera on scale and photograph the bubble  

5. Calculate bubble size  from Equation 3.6 to 3.7 

6. Repeat Steps 4 to 6 by varying air flow rate from 0.1 to 0.3 vvm  

7. Repeat Step 7 by varying the unaerated liquid height from 40 to 60 cm and 
height at 100 L 

 

3.3.2 Gas holdup  

The U-tube water manometer was used to measure the pressure differences 
between the two measuring ports at the side of the reactor. This information will be 
used to estimate the gas holdup. The experimental steps are as follows: 

1. Set equipment as displayed in Figure 3.6 

2. Measure the liquid level before and after dispersing gas into airlift and 
calculate overall gas-holdup from Equation 3.12 

3. Disperse gas in contactor and measure pressure difference at the two 
different vertical points in the riser of  airlift via U-tube  manometer  

4. Calculate riser gas holdup from Equation 3.20 

5. Repeat Steps 2 to 4 by varying air flow rate from 0.1 to 0.3 vvm and the 
unaerated liquid height from 40 to 60 cm and height at 100 L 

6. Repeat Steps 5, change the measuring ports to downcomer side 

7. Calculate downcomer  gas holdup from Equation 3.25 

 

3.3.3 Liquid velocity  

The liquid velocity of downcomer in airlift system was measured by the color tracer 
injection method as described below: 
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1. Set equipment as displayed in Figure 3.6 

2. Fix vertical distances for the color tracer to move (10 cm) 

3. Fix point in downcomer zone for measurement and  dip equipment of tracer 
injection  

4. Turn on the air at a desired flow rate and then inject the color tracer at fixed 
point  

5. Measure time for the tracer to move between two fixed vertical distances 

6. Calculate downcomer liquid velocity  from Equation 3.27 

7. Repeat Steps 2 to 5 by varying air flow rate from 0.1 to 0.3 vvm  

8. Repeat Step 7 by varying the unaerated liquid height from 40 to 60 cm and 
height at 100 L 

 

3.3.4 Overall volumetric gas-liquid mass transfer coefficient  

Dynamic method was used for investigate mass transfer coefficient that could be 
estimated from dissolved oxygen concentration in the system with the dissolved 
oxygen (DO) meter. The steps are: 

1. Set equipment as Figure 3.6 

2. Calibrate DO meter 

3. Purge  nitrogen  to remove dissolved oxygen in airlift  until DO reaches zero% 
air saturation 

4. Turn off nitrogen valve and turn on air rotameter at defined flow rate 

5. Collect data on %saturation of  DO until it reaches 100% saturation and 
temperature 

6. Calculate kLa from Equation 3.28 

7. Repeat Steps 2 to 5 by varying air flow rate from 0.1 to 0.3 vvm 

8. Repeat Step 9 by varying the unaerated liquid height from 40 to 60 cm and 
height at 100 L 
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3.4 Calculations 

3.4.1 Riser and downcomer cross section area 

The estimate of the riser and downcomer cross section area depended on the size of 
riser obtained from experiment. The shape of riser was assumed to be ring cylinder 
for the circle column (with cone bottom) airlift and rectangular cylinder for the flat 
panel airlift. 

For circular column with cone bottom airlift, the riser cross section area is 

       
  3.1 

Rr was obtained from the experiment, and the downcomer cross sectional area (Ad) 
can be calculate from  

                                    3.2 

For flat panel airlift; the riser cross section area is 

            3.3 

The width of riser (Wr) was known from the experiment whereas the width of 
downcomer (Wd) is estimated from: 

                           3.4 

and the downcomer cross section area is  

            3.5 

 

where A  = cross section area (cm2) 

 R  = radius (cm) 

 W = width of section (cm) 

 L  = length of contactor (cm) 

and the subscript 

 r   = riser 

 d  = downcomer. 
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3.4.2 Bubble size and distribution 

The bubbles in liquid were various shapes. In this work, bubble shape was assumed 
to be like ellipsoidal. The diameter of equivalent size (dB) of ellipsoidal bubble was 
estimated by volume consideration basis, the major and minor axes of ellipse in two 
dimensions were measured as show in Figure 3.8. The diameter of equivalent size of 
individual bubble is express as: 

     (   )    3.6 

where   dB    = diameter of equivalent size (cm) 

             p    = length of major axis of bubble (cm) 

             q    = length of minor axis of bubble (cm). 

 

From this experiment, bubbles were photographed images about 30 at the 
same condition. The individual bubble diameter can be calculated by equation 3.6 
so that the number of bubbles usually reported in term of “Sauter mean diameter 
(dBs)”, using the following formula: 

     
∑      

 
 

∑      
 

 
 3.7 

where ni = the number of bubbles with diameter (dBi) 

 

3.4.3 Gas holdup  

The riser and downcomer gas holdups were volumetric gas fraction in each section. 
The overall gas holdup could be calculated from the volume expansion which was 
measured from the difference between aerated and unaerated liquid heights. The 
definition of gas holdup is  

    
  

     
 3.8 

The volume of gas could not be measured directly, so that we defined    (volume in 
system when aeration) as the total volume of gas phase plus volume of liquid phase.  
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Then 

    
     

  
 3.9 

      
  

  
 3.10 

 

      
   

   
 

 

3.11 

 

 

      
  

  
 

 

3.12 

where     = overall gas holdup 

  h   = liquid height (cm) 

  V   = volume (cm3) 

subscript L   = liquid 

  G   = gas 

A    = aerated  

  u   = unaerated.  

 The U-tube manometer was employed to measure the downcomer gas 
holdup where.  

                         

 
3.13 

            

 
3.14 

(         )            3.15 

Neglecting the wall friction loss and GL   , the gas holdup can be calculated 
from equations:       
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                3.16 

     
  

  
 3.17 

since                    

          3.18 

so                                                

          
  

  
 3.19 

finally,                                

       
  

  
 3.20 

 

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

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

  ∆Z = height of liquid level in U-tube manometer (cm) 

     = density (g/cm3)           

   g    = gravitational acceleration (cm/s2) 

subscript L   = liquid 

  G   = gas. 

The riser gas holdup is calculated from following equation 

     
   

       
 3.21 

 

     
         

                     
 3.22 

 

     
           

       
 

3.23 
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       (     )

    (     )
 

 

3.24 

     
       [    (      ) ]

    [    (       ) ]
 3.25 

where      = gas holdup (-) 

  A   = area (cm2) 

  V   = volume (cm3) 

h   = liquid height (cm) 

subscript o   = overall 

r    = riser 

  d   = downcomer 

T   = total.           

 

3.4.4   Liquid velocity  

The liquid velocities in riser and downcomer were estimated by the color tracer 
injection method where the time in which the tracer used to move at fixed vertical 
distances was used for the calculation:  

 

     
  

  
 

3.26 

 

     
  

  
 

3.27 

where    v    = liquid velocity (cm/s) 

             L    = fixed vertical distances (cm) 

             t    = time for the tracer used for moving (s). 

subscript r    = riser 

  d   = downcomer. 
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3.4.5 Overall volumetric gas-liquid mass transfer coefficient  

The overall volumetric gas-liquid mass transfer coefficient (kLa) was determined using 
the dynamic method. In this method, the solution was freed of oxygen by nitrogen 
purge, and as the aeration was supplied, the time profile of dissolved oxygen 
concentration in the system was measured and recorded. The kLa can be calculated 
from: 

  
(     )

(     )
        

 
3.28 

where   c*  = final 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 to reach final oxygen concentration (s).   

 

When the bubble size and overall gas holdup were known, they could 
calculate kLa in terms of liquid phase mass transfer coefficient (kL) and specific gas-
liquid interfacial area (a) separately. The specific gas-liquid interfacial area is express 
as: 

    
   

            
 3.29 

where a = the specific gas-liquid interfacial area (cm2/cm3) 

3.4.6 Unit of aeration  

The unit of aeration in this work was reported in both vvm and usg. They can be 
calculated from: 

- vvm (volume per volume per minute) 

      
air  ow rate (L min )

volume of liquid in system (L)
 3.30 
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- usg : superficial gas velocity (cm/s) 

usg   
air  ow rate (L min )

   (cm )
 3.30 

where Ar = area of riser (cm2) 
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Table 3.1 Volume of flat panel at different unaerated liquid heights 

 

Width  20 cm width 30 cm width 40 cm width 50 cm 

liquid  
height 

volume 
(L) 

liquid 
height 

volume 
(L) 

liquid 
height 

volume 
(L) 

liquid 
height 

volume 
(L) 

cm fiber cm fiber cm fiber cm fiber 

40 74 40 100 37 100 35 100 

50 100 50 129 40 120 40 118 

60 123 60 162 50 160 50 169 

    60 200 60 223 

 

Table 3.2 Volume of cone at different unaerated liquid heights 

 

Angle 30o Angle 45o Angle 53o 
liquid 
height 

volume (L) 
liquid 
height 

volume (L) 
liquid 
height 

volume (L) 

cm acrylic cm acrylic cm acrylic 
34 100 40 100 40 45 
40 135 50 125 50 78 
50 230 60 200 53 100 
60 310 

  
60 125 



26 
 

 

Fig
ur

e 
3. 

2 
Sc

he
m

at
ic 

of
 n

ov
el

 n
on

-b
aff

le
d 

fla
t p

an
el

 a
irl

ift
 co

nt
ac

to
rs 

 

 



27 
 

 

 

Figure 3.3 Novel non-baffled flat panel airlift contactors 
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Figure 3.4 Schematic of circular columns with cone bottom airlift contactors (a) angle 
of bottom 30o (b) angle of bottom 45o (c) angle of bottom 53o 

 

30o 45o

53o

(a) (b) 

(c) 
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Figure 3.5 circular columns with cone bottom airlift contactors (a) angle of bottom 
30o (b) angle of bottom 45o (c) angle of bottom 53o 

 

 

 

(a) (b) 

(c) 
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Figure 3.7 Example of finding flow directions in airlift contactor 

 

 

 

 

Figure 3.8 Example of photographs of bubbles from photographic technique 

 

Major axis Minor axis 
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CHAPTER IV 
RESULTS AND DISCUSSION 

 

4.1 Characteristics of novel non-baffled flat panel airlift contactors (NB-FP-ALCs) 

NB-FP-ALCs has a flat geometry. Unlike other airlift system, NB-FP-ALC does not have 
a partition or a draft tube that separates riser and downcomer, but still can induce a 
cyclic movement pattern of the fluid within the contactor. This design reduces dead 
zone which is a common problem found in typical gas-liquid contactors such as 
bubble column and cylindrical airlift contactors. Particularly in cell suspension 
systems, the existence of dead zone might allow all precipitation and prevent 
effective growth. Therefore, this inclined plane supports the well-defined movement 
of solid particles from downcomer to riser. The movement and directions of liquid in 
NB-FP-ALC are shown in Figure 4.1. 

 

4.2 Effect of width of contactor (w) and unaerated liquid height (h) on the 
performance of NB-FP-ALCs 

This part describes the effect of width of contactors and unaerated liquid heights on 
riser cross-sectional area (Ar), downcomer cross-sectional area (Ad), bubble size 
distributions, riser gas-holdup ( r), downcomer gas-holdup ( d), overall gas-holdup 
( o), downcomer liquid velocity (vLd) and the overall gas-liquid volumetric mass 
transfer coefficient (kLa). The unit of aeration in this work is reported in both vvm 
(volume per volume per minute) and usg: superficial gas velocity (cm/s). For flat 
panel systems, the fluid flow was rather well defined as riser and downcomer. The 
results were therefore discussed in terms of usg. In the later stage of this chapter, the 
discussion in large cylindrical systems was done using vvm as the fluid flow pattern 
became more difficult to define. It is noted that raw data used in this chapter are 
given in Appendix B.  
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 4.2.1 Riser and downcomer cross-sectional area 

As the flat panel airlift systems used in the work did not have a physical partition to 
separate riser and downcomer, it was difficult to distinguish between riser and 
downcomer sections. In other words, Ar and Ad were visually unknown. To determine 
the riser and downcomer area, a simple pole with a light rope attached to it was 
inserted into the system and the flow direction of the rope would indicate the fluid 
flow direction. By repeatingly inserting this rope into the various locations in the 
contactor, the overall fluid flow direction in the system could be defined, i.e. Ar and 
Ad could be virtually located. Figure 4.2 shows an example of a flow direction 
diagram in NB-FP-ALC where the direction of liquid at each specific location could be 
identified. Ar and Ad can then be calculated from the widths of riser and downcomer 
in this diagram and then multiplied by the length of contactor (100 cm). It is noted 
that overall flow direction diagram are given in Appendix A. 

Figure 4.3 demonstrates that most Ar were constant and did not depend on 
usg and liquid height (h), but rather depended on the contactor width. Increasing the 
width of the contactor from 30 to 50 cm saw an increase in Ar. This might be 
because there was less horizontal force being imposed on the riser in the contactor 
with larger width (from the liquid back-flow from downcomer). Hence, the riser could 
expand due particularly to the expansion of the bubble. However, the riser was quite 
wide in the contactor with 20 cm width which could be due to a more turbulent 
condition in such reactor which allowed the mixing between liquid in riser and 
downcomer. It is therefore more difficult to accurate define the riser and downcomer 
in such system.   

Figure 4.4 illustrates that usg and h did not have strong impact on Ad, but 
rather, Ad seemed to increase when the width of contactor increased (W 
50>40>30>20 cm). Figure 4.5 shows how Ad/Ar changed with the air flow rate and 
also the reactor dimension. It was interesting to observe that most Ad/Ar were more 
or less constant, regardless of the air flow, and took the value between 1-2.5; the 
highest occurred at the width of 40 cm and the lowest at 20 cm.  

 

4.2.2 Bubble size distributions and bubble size diameters 

Bubble size distributions are shown in Figures 4.6-4.20. Common observations could 
be summarized. Small bubbles were usually found in the system operated with low 
aeration rate, i.e. at usg < 0.4 cm/s, the bubble size was in the range of 0.3-0.4 cm. 
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As the supply of air increased, bubble size increased steadily and there might also 
exhibit two major bubble sizes (bimodal distribution). At this low usg range, the 
system was in a homogeneous regime, gas holdup and turbulence were low thus 
bubble breakup and coalescence were negligible. The bubble size distribution was 
mainly determined by the gas distributor and liquid properties. At large aeration, i.e. 
usg > 1 cm/s, bubble size seemed to reach a maximum size of 0.5-0.6 cm. Bubble 
size increased due primarily to the coalescence of small bubbles and therefore 
when the system was supplied with a large quantity of gas bubbles, chances of the 
two bubbles being combined with each other became quite high and this led to a 
formation of larger bubbles. And due to the same reason, at high aeration rate, the 
distribution of bubble size became broader than that at lower aeration rate. These 
findings were supported well by the report of Deng et al.(2010). At this high aeration 
condition, bubble coalescence was finally balanced by bubble breakup and the 
bubble size remained at their equilibrium. It is noted that the bubble size distribution 
only varied with usg and did not depend on h, the finding in agreement with that of 
Lau et al. (2013). 

Bubble Sauter mean diameters (dBs) was 0.2-0.8 cm as shown in Figure 4.21. 
The dBs slightly increased when usg increased as discussed above. It was also found 
that dBs did not depend on h but increased with the width of the contactor. dBs at w 
50 and 40 cm were similar and had a value of more than that at w 30 and 20 cm, 
respectively. The results also illustrate that dBs took a similar trend with Ad/Ar 
meaning that a system with small riser would lead to a larger bubble size. This 
agreed well with the report of Ruen-ngam et al.(2008). Who described that 
turbulence in system with smaller riser was stronger than larger riser and promoted 
bubble coalescence.  

 

4.2.3 Riser, downcomer and overall gas-holdups 

Gas holdup for this experiment had to be measured with the volume expansion 
method as the manometer could not be installed effectively as the height of the 
contactor was not adequate for the installation of the manometer. As described in 
previous sections, liquid flow in NB-FP-ALCs could be well classified into four 
directions, i.e. upflow, downflow, and cross-sectional flows (right and left) as 
illustrated in Figure 4.2. These four flow sections can be graphically described as 
shown in Figure 4.22.  
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Overall gas-holdup (        ) can be mathematically described as shown in Equations 
4.1-4.2: 

                                                4.1 

  

          
                             

         
 4.2 

where 

                            4.3 

 

    
 

 
    (     )    
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4.5 

     
 

 
     (        )    

 

4.6 

    
 

 
    (        )    4.7 

 

Assumptions for calculations: 

Assumption 1             
gas-holdup of Section rd was equal downcomer gas-holdup 

Assumption 2           

Section dr did not have bubbles 

 

With these two assumptions, Equation 4.2 becomes: 

          
                     

         
 4.8 
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 Figures 4.23-4.25 show that riser, downcomer and overall gas-holdups 
increased with air flow rate. Increasing air flow rate into system caused more gas in 
enter the system, and this led to a larger quantity of gas being retained in the 
contactor, and a higher gas holdup was observed. This agreed well with the report of 
Luo et al. (2011) and Kilonzo et al. (2007). In addition, Wongsuchoto (2002) described 
that high air flow rate promoted high bubble breakage, and small bubbles from this 
breakage would move more slowly than large bubbles. Therefore gas bubbles stayed 
a longer time in the contactor, and thus, the gas holdups were high. The riser gas-
holdup was higher than the downcomer gas-holdup because aeration was supplied 
to the riser directly. The bubbles disengaged at the top of contactor, and thus, there 
was a lower gas content in the downcomer. The riser gas-holdup was in the range of 
0–0.08 while the downcomer and the overall gas-holdups were 0-0.06.  

The riser, downcomer and overall gas-holdups produced a similar trend with 
the aeration rate. When usg was less than 0.3 cm/s, it became quite difficult to 
distinguish between gas-holdups in the various sections in the contactor.  
The difference became more pronounced at higher usg than 0.3 cm/s, where the 
width of the contactor had a slight impact on gas-holdup. Increasing the width of the 
contactor from 30 to 50 cm saw an increase in the riser, downcomer and overall gas-
holdups. This could be because Ar became larger with the width of the contactor 
and this larger Ar could accumulate a larger quantity of gas bubbles. However, the 
gas-holdup of the contactor with 20 cm width was more or less equal to that of the 
50 cm width contactor. In fact, the highest gas holdup was observed in the 20 cm 
width contactor at the unaerated liquid height of 40 cm. (usg 0.6 cm/s). This could be 
due to the inherit small Ad/Ar in the 20 cm width contactor (large Ar) which rendered 
the behavior of the system closer to that of bubble column which could retain more 
gas bubble than the airlift system.   

 

4.2.4 Downcomer liquid velocity 

Downcomer liquid velocity increased with aeration rate and unaerated liquid height 
as shown in Figure 4.26. Increasing aeration rate supplied more energy to the system 
and therefore the fluid moved faster as a result whereas increasing height allowed 
more time for the energy to be transferred to the system which also enhanced the 
fluid velocity. In addition, the friction loss due to the circulating of liquid at the top 
and the bottom of the airlift was relatively small in the system with higher level of 
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liquid height, and this led to a faster liquid flow. Similar findings were also reported 
elsewhere (Wongsuchoto, 2002).  

 The effect of the width of contactor was not so clear. Generally, liquid 
velocity was fastest when the contactor width was 40 cm and lowest at 50 cm. This 
could be because contactors with 40 cm width had relatively high Ad/Ar which 
promoted a larger hydrostatic pressure difference which then resulted in a high liquid 
velocity. At the width of 50 cm, the system behavior was very similar to that with the 
width of 40 cm. However, there was more space for the liquid to move (larger cross 
sectional area) which led to a slower movement of fluid and a slightly slower liquid 
flow was observed. 

 

4.2.5 Overall gas-liquid volumetric mass transfer  

Figure 4.27 shows that the overall gas-liquid volumetric mass transfer coefficient (kLa) 
increased with air flow rate. This was not uncommon as supplying more air to the 
system resulted in a generation of a larger quantity of air bubbles which enhanced 
the gas-liquid mass transfer area and also mass transfer rate. Within the aeration rate 
employed in this work, an almost linear relationship between kLa and aeration rate 
both in terms of flow rate and superficial velocity was observed. However, in terms 
of air flow rate (vvm), there was no difference between the contactor configuration 
on kLa, and this became clearer when the air flow rate was converted to superficial 
velocity using the riser area obtained from Section 4.2.1. This is described below.   

Increasing the width of the contactor from 30 to 50 cm saw an increase in 
kLa. However, kLa was also quite high in the contactor with the width of 20 cm which 
is in more or less the same level with that of 50 cm. The highest kLa was obtained 
from the contactor of 20 cm in width and 40 cm in liquid height at usg of 0.6 cm/s. 
When comparing Figure 4.27 with the overall gas holdup (Figure 4.25) and riser gas 
holdup (Figure 4.23), there seemed to be a very close relationship between kLa and 
the gas holdup (both overall and riser gas holdups). This suggested that the gas-liquid 
mass transfer area (a) might play an important role in setting the mass transfer rate 
between the two phases. Particularly in the contactor with the width of 20 cm, 
previous results indicated that bubbles in such system had the smallest sauter mean 
diameter and therefore a high mass transfer area was obtained. The specific 
interfacial area (a) for the various airlift configurations is shown in Figure 4.28 whereas 
the mass transfer coefficient (kL) is reported in Figure 4.29. This reveals that kL was 
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almost constant, in the range of 1.5-2.5 cm/s, regardless of the system configuration 
and aerate rate, and hence, kLa followed closely the trend of a.  

 In airlift systems, Wongsuchoto (2002) demonstrated that kL depended on 
properties of substance, and the differences between the density of gas and liquid 
which promoted the natural movement of the fluid, i.e. Sh = f(Gr, Sc). And in this 
work, such relationship can be formulated as: 

 

Sh = 0.149Gr0.565 4.9 

However, it was observed that kL was found to be quite low when the 
unaerated liquid height was lower than 40 cm. This could be that, at this liquid 
height, the fluid velocity (both air bubbles and liquid) was still not fully developed 
and therefore Reynold‖s number also exerted some effect on the mass transfer rate. 
This low velocity exerted adverse effect on the mass transfer resistance leading to a 
low mass transfer rate.  

 

4.3 Characteristics of non-baffled cone airlift contactors (NB-C-ALCs) 

NB-C-ALCs has cylindrical with cone bottom geometry. The contactor was designed 
to have various angles of the cone bottom (30o, 45o and 53o) to investigate the effect 
of this design on the system performance. Similar to NB-FP-ALCs, NB-C-ALCs was not 
equipped with the partition to separate between riser and downcomer, but the 
cyclic movement was induced by fitting air porous sparger at some specific location, 
in this case, at the center of the cone bottom. The movement and directions of 
liquid in NB-C-ALCs are shown in Figure 4.30. During the operation, bubbles swarmed 
at the center of the column making it a riser. A large quantity of bubbles disengaged 
at the liquid surface whilst some small ones re-entered, moving downward on the 
side of the column, which makes this a downcomer. All NB-C-ALCs employed here 
have a diameter of 100 cm which is large enough to allow most bubbles to 
disengage, leaving very few bubbles remaining in the downcomer. Due to the size of 
the system, it was not possible for the visual measurement of bubble sizes and its 
distribution.  
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4.4 Effect of the angle of bottom (B) and unaerated liquid height (h) on the 
performance of NB-C-ALCs 

This part describes the effect of the angle of the cone bottom and unaerated liquid 
heights on riser cross-sectional area (Ar), downcomer cross-sectional area (Ad), riser 
gas-holdup ( r), downcomer gas-holdup ( d), overall gas-holdup ( o), downcomer 
liquid velocity (vLd) and the overall gas-liquid volumetric mass transfer coefficient 
(kLa). The unit of aeration in this work is reported in both vvm and usg, and the raw 
data are given in Appendix B.  

 

4.4.1 Riser and downcomer cross-sectional area 

The same method for the determination of riser and downcomer cross-sectional area 
with NB-FP-ALCs was applied for this cone bottom airlift where the example of the 
flow direction diagram is shown in Figure 4.31. It is worth nothing here that, since 
each airlift contactor has different bottom angle, they did not have the same volume 
at the same liquid height. NB-C-ALC with 30o cone bottom had a larger volume of 
liquid than NB-C-ALC with 45o and NB-C-ALC 53o when they were operated at the 
same height. In other words, the liquid height in NB-C-ALC with 30o cone bottom 
would be lower than that with 45o and 53o if they were operated at the same liquid 
volume.  

Figure 4.32 shows that Ar was constant for each contactor configuration in the 
range of 120-1,500 cm2, independent of aeration rate. The Ar of angle of bottom 30o 
was slightly greater than that at 45o and clearly greater than 53o. This is because the 
30o cone bottom airlift had a greater quantity of water when compared with the 
others at the same height, a higher aeration rate had to be supplied to give it the 
same specific aeration rate (vvm). Therefore it was not unexpected that this 30o 
system would accommodate more bubbles and a larger riser was obtained.  

In the cone bottom airlift, unlike the flat panel, liquid always flowed upwards 
and downwards, and there was a very small area where a horizontal flow was 
observed. Hence, the whole area was therefore consisted of riser and downcomer, In 
other words, Ad could be estimated from the subtraction of Ar from the total area of 
the contactor. Hence, since Ar did not depend on the air flow rate, Ad also did not 
depend on air flow rate, and in most cases, Ad was larger than Ar as shown in Figure 
4.33. Ad increased with unaerated liquid height but Figure 4.34 shows that Ad/Ar did 
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not change with the air flow rate and unaerated liquid height. Ad/Ar was typically in 
the range of 2-55.  

4.4.2 Riser, downcomer and overall gas-holdup 

Calculations of riser, downcomer and overall gas-holdup were similar with NB-FP-
ALCs in Section 4.2.3. Figures 4.35-4.37 show how riser, downcomer and overall gas-
holdup increased with air flow rate, which could be described using similar reasons 
with those given in Section 4.2.3. 

At the same operating liquid height, riser gas holdup was often found to be 
large in the systems with 30o and 45o as a large aeration rate needed to be supplied 
to compensate the large volume of the contactor. In addition, these systems were 
operated with smaller Ad/Ar which promoted the high residence time of gas bubbles. 
This ended up with a large riser gas holdup than that at 53o.  

An increase in liquid height also gave a positive effect on the riser gas holdup 
due primarily to two major reasons. First an increase in liquid height meant that 
there was a larger quantity of water in the system and therefore a larger aeration was 
supplied. This gave rise to the gas holdup. Secondly, a higher liquid height allowed 
bubbles to stay longer in the system leading to a larger gas holdup. Similar 
description can be given to the overall gas holdup as illustrated in Figure 4.37.  

 

4.4.3 Downcomer liquid velocity 

Figure 4.38 shows that downcomer liquid velocity generally increased with air flow 
rate. There was a few exception, e.g. at 30o and a liquid height of 60 cm where the 
velocity stayed constant in the range of 17-18 cm/s at low air flow rate range (0.04-
0.20 vvm) and increased with air flow rate at high air flow rate rage (>0.2 vvm). The 
angle of bottom did not have a significant effect on downcomer liquid velocity. 
Additionally, downcomer liquid velocity depended on unaerated liquid height. The 
downcomer liquid velocity was the largest at 30o h 60 cm whereas the lowest at 30o 
h 34 cm. This was mainly due to a longer contact time which allowed more energy 
transfer from gas bubbles to liquid. This exerted a positive effect on liquid velocity. 
Also a greater liquid height often saw an increase in riser gas holdup which enhanced 
the difference between the hydrostatic pressure in riser and downcomer, and 
promoting a faster liquid movement. This reason was supported by Bentifraouine  
et al. (1997). 
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4.4.4 Overall gas-liquid volumetric mass transfer 

Figure 4.39 demonstrates that kLa depended significantly and solely on air flow rate. 
When more air was added into system, the chance for mass transfer between gas 
and liquid increased. In addition, a high air flow rate caused more turbulence within 
the system which positively affected the mass transfer rate. No information on 
bubble size could be drawn from this experiment with the setup employed in this 
work, and therefore it was not possible at this stage to find the relationship between 
kL and a. The angle of the cone bottom and the unaerated liquid height did not 
show strong impact on kLa. 

 

4.5 Empirical models for hydrodynamic and gas-liquid mass transfer in NB-FP-
ALCs and NB-C-ALCs 

For flat panel airlift  

Relationship between overall gas-holdup and usg and width of contactor and 
unaerated liquid height 

    
       

           

      
4.10 

Relationship between downcomer liquid velocity and usg and width of contactor and 
unaerated liquid height 

     
        

           

      
4.11 

Relationship between kLa and usg and width of contactor and unaerated liquid height 

      
       

      

           
4.12 

Relationship between a and usg and width of contactor and unaerated liquid height 

 

           
          4.13 

From prediction, the a did not depend on unaerated liquid height. 

 

 



 42 

Relationship between kL and usg and width of contactor and unaerated liquid height 

 

           
     4.14 

From prediction, the kL did not depend on width of contactor and unaerated liquid 
height. 

 

For cone shape airlift  

Relationship between overall gas-holdup and usg and the angle at the bottom of the 
contactor and unaerated liquid height 

    
        

           

      
4.15 

Relationship between downcomer liquid velocity and usg and the angle at the 
bottom of the contactor and unaerated liquid height 

     
       

           

      
4.16 

Relationship between kLa and usg and the angle at the bottom of the contactor and 
unaerated liquid height 

      
        

           

      
4.17 

 

The comparison between the predicted hydrodynamics and mass transfer from 
Eq.4.10-4.17 and the experimental values are shown in Appendix C. 
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Figure 4.1 Flow directions in NB-FP-ALCs 
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Figure 4.2 Flow directions diagram in NB-FP-ALC at width of contactor 50 cm with 

unaerated liquid height 60 cm 

 

 

 

 

 

 

 

 

 

w

h

3 # " " " " " " " " " " " " " " $ $

6 # # " " " " " " " " " " $ $ $ $ $

9 # # " " " " " " " " " " $ $ $ $ $

12 # # " " " " " " " $ $ $ $ $ $ $ $

15 # # # # ! " ! " $ $ $ $ $ $ $ $ $

18 # # # # ! ! ! " $ $ $ $ $ $ $ $ $

21 # # # ! ! ! ! ! $ $ $ $ $ $ $ $ $

24 # # # ! ! ! ! ! $ $ $ $ $ $ $ $ $

27 # # # ! ! ! ! ! ! ! $ $ $ $ $ $ $

30 # # # ! ! ! ! ! ! ! $ $ $ ! $ $ $

33 # # # ! ! ! ! ! ! ! ! $ $ ! ! $ $

36 # # # ! ! ! ! ! ! ! ! ! ! ! ! $ $

39 # # # ! ! ! ! ! ! ! ! ! ! ! ! $ $

42 # # # ! ! ! ! ! ! ! ! ! ! ! !

45 # # # ! ! ! ! ! ! ! ! ! !

48 # # # ! ! ! ! ! ! ! !

50 # # # ! ! ! ! ! !

54 # # # ! ! ! !

57 # # # ! !

60 # # #

33 36 39 42 45 4815 18 21 24 27 303 6 9 12 50

riser downcomer 

rd cross flow dr cross flow 



 45 

 

 

Figure 4.3 Area of riser in NB-FP-ALCs with different widths and unaerated liquid 
heights 

 

Figure 4.4 Area of downcomer in NB-FP-ALCs with different widths and unaerated 
liquid heights 
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Figure 4.5 Downcomer to riser cross sectional area ratios in NB-FP-ALCs with different 
widths and unaerated liquid heights 

 

Figure 4.6  Frequency distribution of bubble sizes in NB-FP-ALCs width 20 cm at 
unaerated liquid height 40 cm  
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Figure 4.7  Frequency distribution of bubble sizes in NB-FP-ALCs width 20 cm at 
unaerated liquid height 50 cm  

 

 

Figure 4.8  Frequency distribution of bubble sizes in NB-FP-ALCs width 20 cm at 
unaerated liquid height 60 cm  
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Figure 4.9  Frequency distribution of bubble sizes in NB-FP-ALCs width 30 cm at 
unaerated liquid height 40 cm  

 

 

Figure 4.10  Frequency distribution of bubble sizes in NB-FP-ALCs width 30 cm at 
unaerated liquid height 50 cm  
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Figure 4.11 Frequency distribution of bubble sizes in NB-FP-ALCs width 30 cm at 
unaerated liquid height 60 cm 

 

Figure 4.12  Frequency distribution of bubble sizes in NB-FP-ALCs width 40 cm at 
unaerated liquid height 37 cm  
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Figure 4.13  Frequency distribution of bubble sizes in NB-FP-ALCs width 40 cm at 
unaerated liquid height 40 cm  

 

Figure 4.14  Frequency distribution of bubble sizes in NB-FP-ALCs width 40 cm at 
unaerated liquid height 50 cm  
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Figure 4.15  Frequency distribution of bubble sizes in NB-FP-ALCs width 40 cm at 
unaerated liquid height 60 cm  

 

Figure 4.16  Frequency distribution of bubble sizes in NB-FP-ALCs width 50 cm at 
unaerated liquid height 35 cm  

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

Fr
eq

ue
nc

y o
f b

ub
bl

e 
siz

e

Bubble diameter (cm)

0.13 vvm

0.19 vvm

0.25 vvm

0.31 vvm

0.38 vvm

0.44 vvm

0.50 vvm

0.56 vvm

0.63 vvm

0.69 vvm

0.75 vvm

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

Fr
eq

ue
nc

y o
f b

ub
bl

e 
siz

e

Bubble diameter (cm)

0.22 vvm

0.33 vvm

0.43 vvm

0.54 vvm

0.65 vvm

0.76 vvm

0.87 vvm

0.98 vvm

1.09 vvm

1.20 vvm

1.30 vvm



 52 

 

Figure 4.17  Frequency distribution of bubble sizes in NB-FP-ALCs width 50 cm at 
unaerated liquid height 40 cm  

 

Figure 4.18 Frequency distribution of bubble sizes in NB-FP-ALCs width 50 cm at 
unaerated liquid height 50 cm  
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Figure 4.19  Frequency distribution of bubble sizes in NB-FP-ALCs width 50 cm at 
unaerated liquid height 60 cm  

 

Figure 4.20  Frequency distribution of bubble sizes in NB-FP-ALCs at air flow rate  
0.30 - 0.38 vvm with different widths of contactor and various unaerated liquid 
heights  
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Figure 4.21 Average bubble diameter (dBs) in NB-FP-ALCs with different widths and 
unaerated liquid heights  
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Figure 4.22  Section in NB-FP-ALC 

 

For a definite  V = volume (cm3) 

  W = width of section (cm) 

  L = length of contactor (cm) 

h = unaerated liquid height (cm) 

subscript  r = riser 

  d = downcomer 

  rd = rd cross flow (") 

  dr  =dr cross flow (!) 

Side view of NB-FP-ALC 

3D view of NB-FP-ALC  
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Figure 4.23 Gas-holdup in riser of NB-FP-ALCs with different widths and unaerated 
liquid heights 

 

 

Figure 4.24 Gas-holdup in downcomer of NB-FP-ALCs with different widths and 
unaerated liquid heights 
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Figure 4.25  Overall gas-holdup in NB-FP-ALCs with different widths and unaerated 
liquid heights 

 

 

Figure 4.26 Downcomer liquid velocity in NB-FP-ALCs with different widths and 
unaerated liquid heights  
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Figure 4.27 kLa in NB-FP-ALCs with different widths and unaerated liquid heights 

 

 
Figure 4.28 Specific interfacial area (a) in NB-FP-ALCs with different widths and 
unaerated liquid heights  
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Figure 4.29  Overall gas-liquid mass transfer coefficient (kL) in NB-FP-ALCs with 
different width of contactors and unaerated liquid heights 
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Figure 4.30 Flow directions in NB-C-ALCs 

 

sparger



 61 

 

 

 

 

 

Figure 4.31 Flow directions diagram of NB-C-ALC at the angle of bottom 30o with 
unaerated liquid height 50 cm and air flow rate 0.15 vvm 
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Figure 4.32 Area of riser in NB-C-ALCs with different the angles of bottom and 
unaerated liquid heights 

 

Figure 4.33 Area of downcomer in NB-C-ALCs with different the angles of bottom and 
unaerated liquid heights 
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Figure 4.34 Ad/Ar ratio in NB-C-ALCs with different the angles of bottom and 
unaerated liquid heights 

 

Figure 4.35 Riser gas-holdup in NB-C-ALCs with different the angles of bottom and 
unaerated liquid heights 
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Figure 4.36 Downcomer gas-holdup in NB-C-ALCs with different the angles of bottom 
and unaerated liquid heights 

 

Figure 4.37 Overall gas-holdup in NB-C-ALCs with different the angles of bottom and 
unaerated liquid heights 
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Figure 4.38 Downcomer liquid velocity in NB-C-ALCs with different the angles of 
bottom and unaerated liquid heights 

 

Figure 4.39 kLa in NB-C-ALCs with different the angles of bottom and unaerated liquid 
heights 
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CHAPTER V 
CONCLUSIONS & RECOMMENDATIONS 

 

5.1 Conclusions 

- Air flow rate has a strong effect on hydrodynamic and mass transfer both of 
NB-FP-ALCs and NB-C-ALCs. 

- Most of Ad/Ar were constant and did not depend on air flow rate and 
unaerated liquid height. 

- Hydrodynamic and mass transfer of NB-FP-ALCs except liquid velocity that 
increased with the width of the contactor from 30 to 50 cm. However, 
hydrodynamic and mass transfers of width of contactor 20 cm were high 
taking similar values with those from the contactor with 50 cm width. This 
was due to the differences in the riser and downcomer induced in the 
contactors of various widths. 

- An increase in unaerated liquid height enhanced downcomer liquid velocity 
both in NB-FP-ALCs and NB-C-ALCs. 

- Gas holdups in NB-C-ALCs were the highest when the angle of the cone 
bottom was 30o.  

- The kLa of NB-C-ALCs depended on air flow rate but did not depend on the 
angles of the bottom of the contactor and unaerated liquid heights. 

 

5.2 Contributions 

Airlift contactor was developed to be an alternative reactor for the systems that do 
not need a very high mass transfer, but requires the cyclic fluid flow to promote a 
relatively high mixing. Typical of airlift contactors have a draft tube or a partition for 
the separation of riser and downcomer sections. This complicating arrangement 
causes problems at the Installation and the maintenance of such systems.  
The systems also suffered from the lack of information when it comes to scale up to 
pilot or industrial scale. It was shown in our previous work that the flat panel airlift 
configuration allowed an easy scale up as this could be achieved by extending the 
length of the reactor, where the system behavior remained unaltered. By removing 
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the draft tube or separating plate, along with the design of the contactor, the novel 
contactor in this experiment could be installed, operated, and maintained with ease. 
The information regarding the behavior of the flat panel airlift from this work will be 
useful in the application of such reactors and the expansion of this reactor to a larger 
scale system. In the following table, the performance of the airlift contactors used in 
this work is compared with the reported value.  
 

 Table 5.1 Summary the hydrodynamic and mass transfer in airlift contactors    

References Type contactor 

Hydrodynamics 
k

L
a 

(1/s) 
Overall  

gas-holdup 
 (-) 

Liquid 
velocity 
(cm/s) 

This study 

NB-FP-ALCs 

(u
sg
 0.1 - 0.8 cm/s) 

0 - 0.08 7 - 27 0.001 - 0.014 

NB-C-ALCs 

(u
sg
 0.1 - 4 cm/s) 

0 - 0.07 5 - 24 0.001 - 0.018 

Issarapayup 
(2011) 

FP-ALPBRs 

(u
sg
 0.2 -3.0 cm/s) 

- 2 - 10 0.0003 - 0.006 

Linthong 
(2008) 

Multiple draft tube of 
large scale airlift 

(u
sg
 0.5 cm/s) 

0.008 25 0.002 

5.3 Recommendations 

There are several limitations on the typical measurement techniques as employed in 
this work. A more accurate measure/monitor of various system parameters will allow 
a better prediction of the system performance. Future work might be directed 
towards the proposition of new measurement techniques as follows:  

1. Gas-holdup: the volume expansion was very sensitive and could be easily misled.  

2. The photographic technique of bubble size distribution should be taken in riser as 
this was the location where most gas-liquid mass transfer took place.  
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Appendix A Flow direction diagrams of NB-FP-ALCs and NB-C-ALCs 

Flow diagram of NB-FP-ALC at w 20 cm h 40 cm 
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Air flow rate 1.17 vvm    Air flow rate 1.33 vvm 

 

Flow diagram of NB-FP-ALC at w 20 cm h 50 cm 

  

Air flow rate 0.13 vvm    Air flow rate 0.26 vvm 

   

Air flow rate 0.39 vvm    Air flow rate 0.52 vvm 
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Air flow rate 0.65 vvm    Air flow rate 0.78 vvm 

  
Air flow rate 0.91 vvm    Air flow rate 1.04 vvm 

 

Flow diagram of NB-FP-ALC at w 20 cm h 60 cm 

  
Air flow rate 0.11 vvm    Air flow rate 0.21 vvm   
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Air flow rate 0.32 vvm    Air flow rate 0.43 vvm 

  
Air flow rate 0.53 vvm    Air flow rate 0.64 vvm 

  
Air flow rate 0.74 vvm    Air flow rate 0.85 vvm 
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Flow diagram of NB-FP-ALC at w 30 cm h 40 cm 

   
Air flow rate 0.16 vvm    Air flow rate 0.31 vvm 

  
Air flow rate 0.47 vvm    Air flow rate 0.63 vvm 

  
Air flow rate 0.78 vvm    Air flow rate 0.94 vvm 
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Air flow rate 1.09 vvm    Air flow rate 1.25 vvm 

  
Air flow rate 1.41 vvm    Air flow rate 1.56 vvm 

 

Flow diagram of NB-FP-ALC at w 30 cm h 50 cm 

  
Air flow rate 0.12 vvm    Air flow rate 0.24 vvm 
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Air flow rate 0.36 vvm    Air flow rate 0.48 vvm 

  
Air flow rate 0.59 vvm    Air flow rate 0.71 vvm 

  
Air flow rate 0.83 vvm    Air flow rate 0.95 vvm 
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Air flow rate 1.07 vvm    Air flow rate 1.19 vvm  

 

Flow diagram of NB-FP-ALC at w 30 cm h 60 cm 

   
Air flow rate 0.09 vvm    Air flow rate 0.19 vvm 

    
Air flow rate 0.28 vvm    Air flow rate 0.38 vvm 
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Air flow rate 0.47 vvm    Air flow rate 0.56 vvm 

    
Air flow rate 0.66 vvm    Air flow rate 0.75 vvm 

    
Air flow rate 0.85 vvm    Air flow rate 0.94 vvm 
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Air flow rate 1.04 vvm    Air flow rate 1.13vvm 

 

Flow diagram of NB-FP-ALC at w 40 cm h 37 cm 

     
Air flow rate 0.12 vvm    Air flow rate 0.24 vvm 

      
Air flow rate 0.36 vvm    Air flow rate 0.48 vvm 
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Air flow rate 0.59 vvm    Air flow rate 0.71 vvm 

 

Flow diagram of NB-FP-ALC at w 40 cm h 40 cm 

  
Air flow rate 0.10 vvm    Air flow rate 0.21 vvm 

  
Air flow rate 0.31 vvm    Air flow rate 0.42 vvm 
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Air flow rate 0.52 vvm    Air flow rate 0.62 vvm 

 
Air flow rate 0.83 vvm 

 

Flow diagram of NB-FP-ALC at w 40 cm h 50 cm 

      
Air flow rate 0.08 vvm    Air flow rate 0.15 vvm 
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Air flow rate 0.23 vvm    Air flow rate 0.31 vvm 

      
Air flow rate 0.39 vvm    Air flow rate 0.46 vvm 

      
Air flow rate 0.62 vvm     
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Flow diagram of NB-FP-ALC at w 40 cm h 60 cm 

      
Air flow rate 0.06 vvm    Air flow rate 0.12 vvm 

      
Air flow rate 0.19 vvm    Air flow rate 0.25 vvm 

      
Air flow rate 0.31 vvm    Air flow rate 0.37 vvm 
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Air flow rate 0.50 vvm  

 

Flow diagram of NB-FP-ALC at w 50 cm h 35 cm 

       
Air flow rate 0.11 vvm    Air flow rate 0.22 vvm 

       
Air flow rate 0.33 vvm    Air flow rate 0.43 vvm 
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Air flow rate 0.54 vvm    Air flow rate 0.65 vvm 

      
Air flow rate 0.76 vvm  

 

Flow diagram of NB-FP-ALC at w 50 cm h 40 cm 

       
Air flow rate 0.09 vvm    Air flow rate 0.19 vvm 

 

 

 

w

h

3 " " " " " " " " " " $ $ $ $ $ $ $

6 # " " " " " ! ! $ $ $ $ $ $ $ $ $

9 # # # # ! ! ! ! $ $ ! $ $ $ $ $ $

12 # # # # ! ! ! ! ! ! ! $ $ $ $

15 # # # ! ! ! ! ! ! ! ! $ $

18 # # # ! ! ! ! ! ! ! ! $ $

21 # # # ! ! ! ! ! ! ! !

24 # # # ! ! ! ! ! ! ! !

27 # # # ! ! ! ! !

30 # # # ! ! !

33 # # # ! ! !

35 # #

30 33 36 39 42 45 48 503 6 9 12 15 18 21 24 27

w

h

3 " " " " " " " " " " $ $ $ $ $ $ $

6 " " " " " " " " ! ! $ $ $ $ $ $ $

9 # # " # # ! ! ! ! ! $ $ ! $ $ $ $

12 # # # # # ! ! ! ! ! ! $ ! $ $

15 # # # ! ! ! ! ! ! ! ! $ !

18 # # # ! ! ! ! ! ! ! ! $ !

21 # # ! ! ! ! ! ! ! ! !

24 # # ! ! ! ! ! ! ! ! !

27 # # ! ! ! ! ! !

30 # # ! ! ! !

33 # # ! ! ! !

35 # #

33 36 39 42 45 48 506 9 12 15 18 21 24 27 303

w

h

3 # " " " " " " " " " " " $ $ $ $ $

6 # # " " # " " " ! $ $ $ $ $ $ $ $

9 # # # # # " " ! ! ! $ ! ! $ $ $ $

12 # # # # ! ! ! ! ! ! ! ! ! $ $

15 # # # # ! ! ! ! ! ! ! ! !

18 # # # ! ! ! ! ! ! ! ! ! !

21 # # # ! ! ! ! ! ! ! !

24 # # # ! ! ! ! ! ! ! !

27 # # # ! ! ! ! !

30 # # # ! ! !

33 # # # ! ! !

35 # #

36 39 42 45 48 509 12 15 18 21 24 27 30 333 6

w

h

3 " " " " " " " " " " $ " " $ $ $ $

6 # " " " ! " ! ! ! $ $ $ $ $ $ $ $

9 # # # ! ! ! ! ! ! $ $ $ $ $ $ $ $

12 # # # ! ! ! ! ! ! $ $ $ $ $ $ $ $

15 # # ! ! ! ! ! ! ! $ $ $ $ $ $ $ $

18 # # ! ! ! ! ! ! ! $ $ $ $ $ $

21 # # ! ! ! ! ! ! ! $ $ $ $

24 # # ! ! ! ! ! ! ! $ $

27 # # ! ! ! ! ! ! ! $ $

30 # # ! ! ! ! ! ! !

33 # # ! ! ! ! ! ! !

36 # # ! ! ! !

40 # # !

48 5021 24 27 30 33 363 6 9 12 15 18 39 42 45

w

h

3 " " " " " " " " " " " " $ $ $ $ $

6 " " " ! ! " " ! ! $ $ $ $ $ $ $ $

9 " " # ! ! " " ! ! $ $ $ $ $ $ $ $

12 # # # ! ! ! ! ! ! ! ! ! $ $ $ $ $

15 # # ! ! ! ! ! ! ! ! ! ! $ $ $ $ $

18 # # ! ! ! ! ! ! ! ! ! ! $ $ $

21 # # ! ! ! ! ! ! ! ! ! ! $

24 # # ! ! ! ! ! ! ! ! !

27 # # ! ! ! ! ! ! ! ! !

30 # # ! ! ! ! ! ! !

33 # # ! ! ! ! ! ! !

36 # # ! ! ! !

40 # # !

15 18 21 24 27 303 6 9 12 5033 36 39 42 45 48



 88 

       
Air flow rate 0.28 vvm    Air flow rate 0.38 vvm 

       
Air flow rate 0.48 vvm    Air flow rate 0.58 vvm 

       
Air flow rate 0.67 vvm    Air flow rate 0.77 vvm 
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Flow diagram of NB-FP-ALC at w 50 cm h 50 cm 

      
Air flow rate 0.07 vvm    Air flow rate 0.14 vvm 

      
Air flow rate 0.21 vvm    Air flow rate 0.28 vvm 

      
Air flow rate 0.35 vvm    Air flow rate 0.42 vvm 
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Air flow rate 0.49 vvm    Air flow rate 0.56 vvm 

 

Flow diagram of NB-FP-ALC at w 50 cm h 60 cm 

      
Air flow rate 0.05 vvm    Air flow rate 0.12 vvm 

 

      
Air flow rate 0.16 vvm    Air flow rate 0.21 vvm 
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Air flow rate 0.26 vvm    Air flow rate 0.32 vvm 

 

      
Air flow rate 0.37 vvm    Air flow rate 0.43 vvm 

 

Flow diagram of NB-C-ALC 30o h 34 cm 

  
Air flow rate 0.05 vvm    Air flow rate 0.10 vvm 
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Air flow rate 0.15 vvm    Air flow rate 0.20 vvm 

  
Air flow rate 0.25 vvm    Air flow rate 0.30 vvm 

  
Air flow rate 0.35 vvm    Air flow rate 0.40 vvm 

  
Air flow rate 0.45 vvm    Air flow rate 0.50 vvm 
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Flow diagram of NB-C-ALC 30o h 40 cm 

  
Air flow rate 0.07 vvm    Air flow rate 0.11 vvm 

  
Air flow rate 0.15 vvm    Air flow rate 0.19 vvm 

  
Air flow rate 0.22 vvm    Air flow rate 0.26 vvm 

  
Air flow rate 0.30 vvm    Air flow rate 0.33 vvm 
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Air flow rate 0.37 vvm    Air flow rate 0.41 vvm 

 

Flow diagram of NB-C-ALC 30o h 50 cm 

  
Air flow rate 0.04 vvm    Air flow rate 0.07 vvm 

 

  
Air flow rate 0.09 vvm    Air flow rate 0.11 vvm 
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Air flow rate 0.13 vvm    Air flow rate 0.15 vvm 

  
Air flow rate 0.17 vvm    Air flow rate 0.20 vvm 

  
Air flow rate 0.22 vvm    Air flow rate 0.26 vvm 

 
Air flow rate 0.30 vvm   
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Flow diagram of NB-C-ALC 30o h 60 cm 

     
Air flow rate 0.03 vvm    Air flow rate 0.05 vvm 

    
Air flow rate 0.06 vvm    Air flow rate 0.08 vvm 

   
Air flow rate 0.10 vvm    Air flow rate 0.11 vvm 
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Air flow rate 0.13 vvm    Air flow rate 0.15 vvm 

    
Air flow rate 0.16 vvm    Air flow rate 0.18 vvm  

   
Air flow rate 0.19 vvm    Air flow rate 0.21 vvm 
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Flow diagram of NB-C-ALC 45o h 40 cm 

   
Air flow rate 0.10 vvm    Air flow rate 0.15 vvm 

   
Air flow rate 0.20 vvm    Air flow rate 0.25 vvm 

   
Air flow rate 0.30 vvm    Air flow rate 0.35 vvm 

   
Air flow rate 0.40 vvm    Air flow rate 0.45 vvm 
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Air flow rate 0.50 vvm    Air flow rate 0.55 vvm 

 

Flow diagram of NB-C-ALC 45o h 50 cm    

  
Air flow rate 0.04 vvm    Air flow rate 0.08 vvm 

  
Air flow rate 0.12 vvm    Air flow rate 0.16 vvm 
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Air flow rate 0.20 vvm    Air flow rate 0.24 vvm 

  
Air flow rate 0.28 vvm    Air flow rate 0.32 vvm 

  
Air flow rate 0.36 vvm    Air flow rate 0.40 vvm 
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Flow diagram of NB-C-ALC 45o h 60 cm    

     
Air flow rate 0.05 vvm    Air flow rate 0.08 vvm 

   
Air flow rate 0.10 vvm    Air flow rate 0.13 vvm 

   
Air flow rate 0.15 vvm    Air flow rate 0.18 vvm 
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Air flow rate 0.20 vvm    Air flow rate 0.23 vvm 

   
Air flow rate 0.25 vvm    Air flow rate 0.28 vvm 

   
Air flow rate 0.30 vvm    Air flow rate 0.33 vvm 
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Flow diagram of NB-C-ALC 53o h 40 cm    

   
Air flow rate 0.11 vvm    Air flow rate 0.22 vvm 

   
Air flow rate 0.33 vvm    Air flow rate 0.44 vvm 

   
Air flow rate 0.67 vvm    Air flow rate 0.89 vvm 

   
Air flow rate 1.11 vvm    Air flow rate 1.22 vvm 
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Flow diagram of NB-C-ALC 53o h 50 cm 

   
Air flow rate 0.06 vvm    Air flow rate 0.13 vvm 

   
Air flow rate 0.19 vvm    Air flow rate 0.26 vvm 

   
Air flow rate 0.32 vvm    Air flow rate 0.38 vvm 
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Air flow rate 0.45 vvm    Air flow rate 0.51 vvm 

   
Air flow rate 0.64 vvm    Air flow rate 0.77 vvm 

 

Flow diagram of NB-C-ALC 53o h 53 cm 

   
Air flow rate 0.10 vvm    Air flow rate 0.15 vvm 
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Air flow rate 0.20 vvm    Air flow rate 0.25 vvm 

   
Air flow rate 0.30 vvm     

 

Flow diagram of NB-C-ALC 53o h 60 cm 

  
Air flow rate 0.08 vvm    Air flow rate 0.12 vvm 
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Appendix B 

 

 

B-4.1 Area of riser in NB-FP-ALCs with different widths and unaerated liquid 

heights 

 

B-4.2 Area of downcomer in NB-FP-ALCs with different widths and unaerated 

liquid heights 
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B-4.3 Downcomer to riser cross sectional area ratios in NB-FP-ALCs with different 

widths and unaerated liquid heights 

 

B-4.4 Average bubble size diameter (dBs) in NB-FP-ALCs with different widths 

and unaerated liquid heights  

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

A d
/A

r(c
m

2 )

Air flow rate (vvm)

w 20 cm h 40 cm

w 20 cm h 50 cm

w 20 cm h 60 cm

w 30 cm h 40 cm

w 30 cm h 50 cm

w 30 cm h 60 cm

w 40 cm h 37 cm

w 40 cm h 40 cm

w 40 cm h 50 cm

w 40 cm h 60 cm

w 50 cm h 35 cm

w 50 cm h 40 cm

w 50 cm h 50 cm

w 50 cm h 60 cm

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

d B
s(

cm
)

Air flow rate (vvm)

w 20 cm h 40 cm
w 20 cm h 50 cm
w 20 cm h 60 cm
w 30 cm h 40 cm
w 30 cm h 50 cm
w 30 cm h 60 cm
w 40 cm h 37 cm
w 40 cm h 40 cm
w 40 cm h 50 cm
w 40 cm h 60 cm
w 50 cm h 35 cm
w 50 cm h 40 cm
w 50 cm h 50 cm
w 50 cm h 60 cm



 110 

 

B-4.5 Gas-holdup in riser of NB-FP-ALCs with different widths and unaerated 

liquid heights 

 
B-4.6 Gas-holdup in downcomer of NB-FP-ALCs with different widths and 

unaerated liquid heights 
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B-4.7 Overall gas-holdup in NB-FP-ALCs with different widths and unaerated 

liquid heights 

 
B-4.8 Downcomer liquid velocity in NB-FP-ALCs with different widths and 

unaerated liquid heights 
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B-4.9 kLa in NB-FP-ALCs with different widths and unaerated liquid heights 

 
B-4.10 Specific interfacial area (a)  in NB-FP-ALCs with different widths and 

unaerated liquid heights 
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B-4.11 Overall gas-liquid mass transfer coefficient (kL) with different widths of 

contactor and unaerated liquid heights in NB-FP-ALCs 

 

B-4.12 Area of riser in NB-C-ALCs with different the angles of the cone bottom 

and unaerated liquid heights 
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B-4.13 Area of downcomer in NB-C-ALCs with different the angles of the cone 

bottom and unaerated liquid heights 

 

B-4.14 Ad/Ar ratio in NB-C-ALCs with different the angles of the cone bottom and 

unaerated liquid heights 
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B-4.15 Riser gas-holdup in NB-C-ALCs with different the angles of the cone 

bottom and unaerated liquid heights 

 

B-4.16 Downcomer gas-holdup in NB-C-ALCs with different the angles of the 

cone bottom and unaerated liquid heights 
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B-4.17 Overall gas-holdup in NB-C-ALCs with different the angles of the cone 

bottom and unaerated liquid heights 

 

B-4.18 Downcomer liquid velocity in NB-C-ALCs with different the angles of the 

cone bottom and unaerated liquid heights 
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B-4.19 kLa in NB-C-ALCs with different the angles of the cone bottom and 

unaerated liquid heights 
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Appendix C 

 
C- 1 Comparison of overall gas holdup of NB-FP-ALCs estimated by Eq. 4.10 with 
values observed in this work 

 
C- 2 Comparison of downcomer liquid velocity of NB-FP-ALCs estimated by Eq. 4.11 
with values observed in this work 
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C- 3 Comparison of kLa of NB-FP-ALCs estimated by Eq. 4.12 with values observed in 
this work 

 

C- 4 Comparison of specific gas-liquid interfacial area of NB-FP-ALCs estimated by  
Eq. 4.13 with values observed in this work 
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C- 5 Comparison of liquid phase mass transfer coefficient of NB-FP-ALCs estimated by 
Eq. 4.14 with values observed in this work 

 
C- 6 Comparison of overall gas holdup of NB-C-ALCs estimated by Eq. 4.15 with 
values observed in this work 
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C- 7 Comparison of downcomer liquid velocity of NB-C-ALCs estimated by Eq. 4.16 
with values observed in this work 

 
C- 8 Comparison of kLa of NB-C-ALCs estimated by Eq. 4.17 with values observed in 
this work 
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