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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 300, 45°
and 53° 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 (k,a) 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 uy, (<0.4 cm/s), bubble sizes were
small (0.3-0.4 cm) and presented in bimodal distribution. The high air flow rate (u,, > 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 k,a 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 k,a 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 k;a 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 |
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 vwm (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.



CHAPTER Il
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.



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).

o)) 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



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:
Vs

&= 2.1

VetV
where: V; is the gas volume
V, 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:

A€ +ALE,

&= 2.2

A+A
where: &, is the riser gas holdup
&y is the downcomer gas holdup
A, is the riser cross sectional area

Ag is the downcomer cross sectional area.



The overall gas holdup cannot be determined directly, they can be
determined from the volume expansion method where
h

u
Eop=1-— 2.3
(0] hA

where: &, is the overall gas holdup
h, is the unaerated liquid height
h, 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

g/ — 24
ST\ Al

where: AZ is the pressure difference of defined liquid level

AH 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
(ugg) 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 (AyA,) 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 Ay/A. changed the liquid and gas resident time in each part of reactor. A small
diameter of draft tube (large AyA,), 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,
(Jurascik et al., 2006). Scale influence on gas holdup were investigated by Blazej
et al. (2004). They found the gas holdup driving force (€, - €,) 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



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:

where: v; s liquid velocity
L; is the liquid path length
t is times for liquid movement.

i is riser or downcomer

2.5

Generally, rate of gas input to airlift system is can be related to superficial

liquid velocity (u;) calculated based on the empty column area. The superficial liquid

velocity and actual liquid velocity in riser and downcomer can be related as:

uL,r
\/..=
r
1-¢
Upd
YR =
d
1-&4

where: v, is actual linear liquid velocities in riser
vy is actual linear liquid velocities in downcomer
u, ris superficial liquid velocities in riser

u, 4 is superficial liquid velocities in downcomer

2.6

2.7

The relationship between the riser and downcomer of superficial liquid

velocities can be formulated as follows:



u A= U Ay 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, Simcik 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 (Blazej 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 (A A).
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 AyA,
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.



The volumetric mass transfer coefficient (k,a) is the rate of gas transfer
through the gas-liquid interface per unit liquid volume and per unit driving force. The
k,a combine two quantities, k, is a gas-liquid mass transfer coefficient and a is
specific surface area. The k; is related to the gas side and liquid side mass transfer
coefficient K, and K| through the Henrry’s law constant (He):

1 1 1
- —
k K, HeK;

2.9

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

dCL *
? :kLO(CL 'CL) x> 210

where: k;a is the overall volumetric gas-liquid mass transfer coefficient

C, s dissolved oxygen concentration

*

C, is dissolved oxygen concentration in equilibrium with partial pressure

of oxygen in air

fo, I the rate of oxygen used per unit mass

In the system without reactions, 2 disappeared and Equation 2.9 became

dcC
=g -c) 211
dt

From the literatures review, the volumetric oxygen mass transfer coefficient
increased with an increase in superficial gas velocity. When Ay A, increased k,a
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 (A/A,) (i.e. A/A, 0.25 implies the smaller
reactor, A/A, 0.44 implies the medium reactor and A/A, 1 implies the larger reactor).
The volumetric gas-liquid mass transfer coefficient (k,a) was found to decrease as the
reactor was scaled-up and liquid circulation velocity increased. Increasing AJ/A,
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



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
k,a increased with increasing superficial gas velocity in all scale reactors (12, 40 and
195 L).

Gas-Liquid Separator

| —Draft Tube

Riser/ 4

Gas in

(@ (b)

Figure 2.1 Configurations of pneumatic reactors: (a) bubble column and (b) airlift

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

loop airlift contactor (Krichnavaruk et al., 2005)
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CHAPTER IlI
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.

< Novel non-baffled airlift contactor >

! J

Flat panel Cone
Widths dimension Angles of bottom
® 20,30,40,50 cm ®30°, 45°and 53°
[ |
\I/ Gas flow rate 0.1-0.3 vwm

Effect of unaerated liquid height

Determination of virtual riser and downcomer cross section area

J

Bubble size distribution and bubble size diameter

!

hydrodynamics and gas-liquid mass transfer

v \

Gas holdup (&) Liquid velocity (v, ) Volumetric mass transfer coefficient
(k,a)
I

Calculations

Data analysis

Figure 3.1 Outline of experiments and analysis in this work
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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 vwwm (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, (i) 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 30” to 45°and 53"

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 vwm

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 vwm

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 vwm

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 vwm 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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Set equipment as displayed in Figure 3.6

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

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

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

Measure time for the tracer to move between two fixed vertical distances
Calculate downcomer liquid velocity from Equation 3.27

Repeat Steps 2 to 5 by varying air flow rate from 0.1 to 0.3 vwm

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.
2.

Set equipment as Figure 3.6
Calibrate DO meter

Purge nitrogen to remove dissolved oxygen in airlift until DO reaches zero%

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

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

temperature
Calculate k,a from Equation 3.28
Repeat Steps 2 to 5 by varying air flow rate from 0.1 to 0.3 vwm

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
A =TIR 3.1

R, was obtained from the experiment, and the downcomer cross sectional area (A,)

can be calculate from
A, = Area of column - Area of riser 3.2
For flat panel airlift; the riser cross section area is
A=W, xL 33
The width of riser (W,) was known from the experiment whereas the width of
downcomer (W,) is estimated from:
W, = width of reactor - W, 34
and the downcomer cross section area is

4 2
where A = cross section area (cm’)

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 (dp) 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:

dg = (PZC])W 3.6
where dg = diameter of equivalent size (cm)
p = length of major axis of bubble (cm)
g = 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

(dgs)”, using the following formula:
inidéi
Z/ nicl;

where n; = the number of bubbles with diameter (dg)

Oy 3.7

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

Ve

&€= 3.8

VetV

The volume of gas could not be measured directly, so that we defined V, (volume in

system when aeration) as the total volume of gas phase plus volume of liquid phase.



Then
VaVi
€=
Va
Vi
E=1-—
Va
h,A
E=1
h,A
hu
£=1-—
ha
where & = overall gas holdup
h = liquid height (cm)
V= volume (cm’)

subscript L = liquid
G =gas
A = aerated

U = unaerated.
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3.9

3.10

311

312

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

holdup where.

A‘Dreactor = AP

PsAH = pgAZ

(pL € +,06€G)5’AH = PLsAL

manometer

3.13

3.14

3.15

Neglecting the wall friction loss and p, >> pg, the gas holdup can be calculated

from equations:
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P E.9AH = P gAZ 3.16
Yiv4
£ =— 317
AH
since
£ =1-&; 3.18
so
NZ
CEGE 77 319
AH
finally,
Yav4
ELfF L~ 3.20
AH
where AP = pressure difference of defined liquid level in contactor (g/cm.sz)
AH = height of defined liquid level in contactor (cm)
AZ = height of liquid level in U-tube manometer (cm)
P = density (g/cm3)
¢ = gravitational acceleration (cm/s”)
subscript L = liquid
G = gas.
The riser gas holdup is calculated from following equation
VGr
&) 321
VGr+VLr
e Ver - Veu
r =
Vor = Voa + Vir - Vig 3.22
323

£ = ———

V-V,



where

subscript

—4 o

& &,(Vyvr)
T ()

g, - &,0An/ (A, +A )R]

" 1-[an(a, +A)R]

= gas holdup (-)

2
area (cm’)

volume (cm3)

liquid height (cm)
= overall

= riser

= downcomer

= total.

3.4.4 Liquid velocity

22

3.24

3.25

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:

where

subscript

Lr
Vr = =
t,
Ld
Vd = =
ty

= liquid velocity (cm/s)

= fixed vertical distances (cm)

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

= riser

= downcomer.

3.26

3.27
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3.4.5 Overall volumetric gas-liquid mass transfer coefficient

The overall volumetric gas-liquid mass transfer coefficient (k,a) 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 k,a can be calculated

from:
| (C*‘Co)
Nazc o
(C 'CL)

3.28

where ¢ = final oxygen concentration (mg/L)
C, = initial oxygen concentration (mg/L)
¢, = oxygen concentration in liquid phases (mg/L)
k a = 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 k.a in terms of liquid phase mass transfer coefficient (k;) and specific gas-
liquid interfacial area (a) separately. The specific gas-liquid interfacial area is express
as:

6€,

a 3.29

(1 yd,

where a = the specific gas-liquid interfacial area (cm’/cm’)

3.4.6 Unit of aeration

The unit of aeration in this work was reported in both vwm and ug. They can be
calculated from:
- wvm (volume per volume per minute)
air flow rate (L/ min)

wm = 3.30
volume of liquid in system (L)




- usg : superficial gas velocity (cm/s)

air flow rate (L/ min)

u =
b A (cm?)

. 2
where A, = area of riser (cm”)

3.30
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Table 3.1 Volume of flat panel at different unaerated liquid heights
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Width 20 cm width 30 cm width 40 cm width 50 cm
liquid volume liquid volume liquid volume | liquid volume
height L height (L) height L) height 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 30° Angle 45° Angle 53°
liquid liquid liquid

_ volume (L) : volume (L) _ volume (L)
height height height

cm acrylic cm acrylic cm acrylic

34 100 40 100 a0 a5

a0 135 50 125 50 78

50 230 60 200 53 100

60 310 60 125
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Figure 3.3 Novel non-baffled flat panel airlift contactors
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(o)

Figure 3.4 Schematic of circular columns with cone bottom airlift contactors (a) angle

of bottom 30° (b) angle of bottom 45° (c) angle of bottom 53°



(a) (b)

(©)

Figure 3.5 circular columns with cone bottom airlift contactors (a) angle of bottom

30° (b) angle of bottom 45° (c) angle of bottom 53°
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Figure 3.7 Example of finding flow directions in airlift contactor

Minor axis ~ - .
Major axis

Figure 3.8 Example of photographs of bubbles from photographic technique



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 (4,), downcomer cross-sectional area (Ay), bubble size
distributions, riser gas-holdup (€,), downcomer gas-holdup (&,), overall gas-holdup
(&,), downcomer liquid velocity (v,4) and the overall gas-liquid volumetric mass
transfer coefficient (k,a). The unit of aeration in this work is reported in both vwm
(volume per volume per minute) and us,: 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 ug,. In the later stage of this chapter, the
discussion in large cylindrical systems was done using wwm 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, A, and A4 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. A, and
Ay 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. A, and A, 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 A, 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 A, 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 us, and h did not have strong impact on Ay but
rather, Ay seemed to increase when the width of contactor increased (W
50>40>30>20 cm). Figure 4.5 shows how Ay/A, changed with the air flow rate and
also the reactor dimension. It was interesting to observe that most A,/A, 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. Commmon 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 us, 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 us and did not depend on h, the finding in agreement with that of
Lau et al. (2013).

Bubble Sauter mean diameters (dgy) was 0.2-0.8 cm as shown in Figure 4.21.
The dp, slightly increased when us, increased as discussed above. It was also found
that dp, did not depend on h but increased with the width of the contactor. dg 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 dgs; took a similar trend with A/A,
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:
Voveratt Eoverat =€V + EqVig + EqVor + €4V
. EV, + EN +E NV, +E,
Voveral
where
Voverat = Vi Vg +Vr #Vy

1
V, = E xwrx(hr-fhl)x k

Vg = wWgxh,xL

1
V., == xw, x(h,-hy+h, )x L
2

1
2

Assumptions for calculations:

Assumption 1 E=&,

gas-holdup of Section rd was equal downcomer gas-holdup
Assumption 2 E,=0

Section dr did not have bubbles

With these two assumptions, Equation 4.2 becomes:
EV. +E4Vy +ENV,

goverall =
v G

overa

4.1

4.2

4.3

4.4

4.5

4.6

4.7

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 u, 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 ug, 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 A, became larger with the width of the contactor
and this larger A, 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. (us, 0.6 cm/s). This could be
due to the inherit small A/A, in the 20 cm width contactor (large A,) 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 A/A, 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 (k,a)
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 k,a and aeration rate
both in terms of flow rate and superficial velocity was observed. However, in terms
of air flow rate (vwm), there was no difference between the contactor configuration
on k.a, 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
k;a. However, k;a 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 k;a was obtained
from the contactor of 20 cm in width and 40 cm in liquid height at u,, 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 k,a 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 (k;) is reported in Figure 4.29. This reveals that k;, 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, k a followed closely the trend of a.

In airlift systems, Wongsuchoto (2002) demonstrated that k, 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 = 0.1496:""% 4.9

However, it was observed that k; 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 (30°, 45° and 53°) 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 (A,), downcomer cross-sectional area (A, riser
gas-holdup (&), downcomer gas-holdup (€), overall gas-holdup (E,), downcomer
liquid velocity (v,4) and the overall gas-liquid volumetric mass transfer coefficient
(k,a). The unit of aeration in this work is reported in both vwm and us, 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 30° cone bottom had a larger volume of
liquid than NB-C-ALC with 45° and NB-C-ALC 53° when they were operated at the
same height. In other words, the liquid height in NB-C-ALC with 30° cone bottom
would be lower than that with 45° and 53° i they were operated at the same liquid

volume.

Figure 4.32 shows that A, was constant for each contactor configuration in the
range of 120-1,500 cmz, independent of aeration rate. The A, of angle of bottom 30°
was slightly greater than that at 45° and clearly greater than 53°. This is because the
30° 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 (vwwm). Therefore it was not unexpected that this 30°

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, A, could be estimated from the subtraction of A, from the total area of
the contactor. Hence, since A, did not depend on the air flow rate, A, also did not
depend on air flow rate, and in most cases, A, was larger than A, as shown in Figure
4.33. A, increased with unaerated liquid height but Figure 4.34 shows that A/A, did
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not change with the air flow rate and unaerated liquid height. A/A, 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 30° and 45° 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 Ay/A, which promoted the high residence time of gas bubbles.
This ended up with a large riser gas holdup than that at 53",

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 30° 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 vwm) and increased with air flow rate at high air flow rate rage (>0.2 vwm). 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 30° h 60 cm whereas the lowest at 30°
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 k,a 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
k, and a. The angle of the cone bottom and the unaerated liquid height did not
show strong impact on k;a.

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 us, and width of contactor and
unaerated liquid height
0. O6U0'49h0'25 4.10

sg
€= 52
w?

Relationship between downcomer liquid velocity and ug, and width of contactor and

unaerated liquid height

20.49u5.° K4 4.11
Yid= 11,008
Relationship between k;a and us, and width of contactor and unaerated liquid height
0.25u%; " 412
ka= ———
W0.27h0.58

Relationship between a and us, and width of contactor and unaerated liquid height

a = 0.56u. " w"” 4.13

From prediction, the a did not depend on unaerated liquid height.
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Relationship between k; and us, and width of contactor and unaerated liquid height

k.= 0.02uy,” 4.14

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

For cone shape airlift

Relationship between overall gas-holdup and us, and the angle at the bottom of the

contactor and unaerated liquid height

0.003u3°B" 4.15
E =

o
h0'05

Relationship between downcomer liquid velocity and us, and the angle at the

bottom of the contactor and unaerated liquid height

1.18u% °ht° 416

vV, .=
Ld
50.46

Relationship between k;a and u and the angle at the bottom of the contactor and

unaerated liquid height

0.003u5> B 417

hO' 98

ka=

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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ALCs

Figure 4.1 Flow directions in NB-FP
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For a definite V = volume (cm’)

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 (¢)



56

0.12
O w20cm h 40 cm
O w20cm h50cm
010 |- o A w20 cm h60cm
< & w30cm h 40 cm
0.08 | o 0 w30cmh50cm
A w30cm h60cm
~ O & A * w40 cm h 37 cm
—~ 006 | o o
[X) O X A A O & wa0cm h 40 cm
X
<o O A A< R <& <& [ wd0cm h 50 cm
0.04 o A { =
: r A N X | A wa0cmh60cm
A w8 o © g a
A ) ® o O % w50 cm h 35 cm
0 X 5 o
002 | 0 0 § 0 & w50cm h 40 cm
A
O e % O 6 Jw50cmh50cm
o A
A o O A w50 cm h 60cm
0.00 !
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
u,, (cm/s)

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

0.08
O w20cm h 40 cm
0.07 | o © O w20 cm h 50 cm
A w20cm h 60cm
006 O w30cmh40cm
0 w30cmh50cm
005 1 O A w30cmh60cm
< <o ¥ w40 cm h 37 cm
5 004 A O
w o o & w40 cm h 40 cm
o A
[Jwd0cmh 50 cm
0.03 | O 5 A 4 o
A A O W & © A w40 cm h 60cm
002 A o & x A ° e 9 o ) % w50 cm h 35 cm
A < A
001 A%Ag o . O w50cmh 40 cm
' | O AQ% uf ° e ¢ 0 w50cm h50cm
< o
0.00 EF]X\ A% D%“ ‘ A w50 cm h 60cm
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
u,, (cm/s)

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



57

009 O w20cm h 40 cm
0.08 | S 0 w20cm h50cm
A w20 cmh 60cm
007 o & w30cmh 40 cm
~ 006 | 07 w30 cm h 50 cm
;o o A w30cmh60cm
005 Y - % wd0cmh 37 cm
004 | DA - ° & wid0cmh 40 cm
A A O % [ wd0cm h 50 cm
O, A - A A

003 A o = A o% o O A w40 cm h 60 cm
0.02 A Ang AﬁA o @ O X w50 cm h35cm
‘ d@ ><§&<><>Q EIA% é ¢ w50cmh40cm
001 O Eé@ o 0 w50 cm h 50 cm
ﬁ A w50cmh 60cm

0.00 L !

0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20 2.2
u, (cm/s)

Figure 4.25 Overall gas-holdup in NB-FP-ALCs with different widths

liquid heights

and unaerated

30
O w20 cmh 40 cm
O O w20 cmh 50 cm
e A U < 0 /A w20 cmh 60 cm
oo toage o H oo
2808 AT S o8 2 o emhien
A
20 [@ N O X X 0 A [J w30 cmh 50 cm
54 X /\ w30 cm h 60 cm
@ 0,40 & & X
S
E 15 &A@ % X X wd0 cm h 37 cm
\ff’, LD[?%D X <& wd0 cm h 40 cm
> ;A % [J w40 cm h 50 cm
0T /\ w40 cm h 60 cm
% X w50 cmh 35 cm
5 F < w50 cm h 40 cm
[J w50 cm h 50 cm
0 /\ w50 cm h 60 cm
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
ug, (cm/s)

Figure 4.26 Downcomer liquid velocity in NB-FP-ALCs with different widths and

unaerated liquid heights



58

0.014 —
o w20 cm cm
& O w20cm h50cm
0012 i A w20cm h 60cm
0.010 | <> O w30cem h 40 cm
' O w30cm h50cm
-~ 0.008 A 4 A w30cm h60cm
S . O X wd0cm h 37 cm
(6] A © O & wdocm h40cm

<0006 |- oA .
A A [Jwd0cm h 50 cm

A M o O O A é}
0.004 | A Ag % X o g & A w40 cm h 60 cm
0 Ng] X A 2‘5 g AD X w50cm h35cm
th g w o © © w50cm h 40 cm
0002 |- n e O
A%g §<><> <>A A O w50cm h50cm
0.000 L A w50cm h60cm
0.0 0.2 0.4 0.6 0.8 1.0 1.2
u_, (cm/s)

Figure 4.27 k,a in NB-FP-ALCs with different widths and unaerated liquid heights

1.4
O w20 cm h 40 cm
0O w20 cm h 50 cm
1.2 | o
A W20 cm h 60 cm
O w30cmh 40 cm
1.0 | <
[J w30cmh 50 cm
& A w30 cm h 60 cm
Eo0s |
X <& X w40 cm h 37 cm
506 O | ©wd0cmh 40 cm
e i A [Jwd40cmh 50 cm
o] A < [m]
04 A O DI:I A w40 cm h 60 cm
. - O
A 80 ZASD O A A X w50 cmh35cm
0
% X éA X A o O ¢ & w50 cm h 40 cm
02 | O O A 08 [m] %O Qo
% g @ @ A O a [ w50 cmh50cm
O
o
A W50 cm h 60 cm
0.0 4 %
0.0 0.2 0.4 0.6 0.8 1.0 1.2
ug, (cm/s)

Figure 4.28 Specific interfacial area (a) in NB-FP-ALCs with different widths and
unaerated liquid heights



59

55
o O w20cm h40cm
50 [ w20cm h50cm
a5 A w20 cm h 60 cm
4.0 | O w30cm h40cm
[Jw30cm h50cm
35 L
- A A w30cm h60cm
E 30 B © ﬁ o X wa0cm h 37 cm
= 25 A <& O & wa0cm h 40 cm
< A O S < <O [J w40 cm h 50
w cam am
20+ o 3% dap & 2 A
q:%] %D O 0 0 g [ A wa0cm h 60 cm
15 | o
O X w50 cm h 35
- AN o S w50 cm cm
10 & w50cm h40cm
o aX
05 | X 0 w50cm h 50 cm
R
0.0 | X X | | X A w50cm h60cm
0.0 0.2 0.4 0.6 0.8 1.0 1.2
ug, (cm/s)
Figure 4.29 Overall gas-liquid mass transfer coefficient (k) in NB-FP-ALCs with

different width of contactors and unaerated liquid heights



Figure 4.30 Flow directions in NB-C-ALCs

60



61

50
1

1
!

45 | 48

1
1

1
1

39 | 42

36

33

27 | 30

24

21

18

— =] ||

e el el

||| || ]|

15

1

1

||l ||| ]| ]|«

||| «]| ]|«

12

1

1
1

— ||| |||+

|||«

— || |«

el el el e e el R el e

1

1
1

1

1

1

1

T
3
T
3
T
3

3
T
3
T
T
T
T
T

3

12
15
18
21

24
27

30
33

36
39
42

45
48
50

l downcomer

- dr cross flow

rd cross flow

riser

L)

-)

o

Figure 4.31 Flow directions diagram of NB-C-ALC at the angle of bottom 30 with

unaerated liquid height 50 cm and air flow rate 0.15 vwm



62

4000 < 30° h3dem
3500 K XK O 30° hd0 em
A 30° h 50 em
3000 |-
X K 30° h 60 cm
2500 <> 45% h 40 em
X X A
€ 2000 | [] 45° h 50 cm
= X X
< My 457 h60 cm
1500
R A 53% h 40 cm
1000 H DN
A - © O 53° h50cn
& MO &0 OO O
500 - ARSI THYES O K3 O 610 [ A 33 h33cm
CIRXABTIIAR> % T IS o .
0 CAES 23> OO0, < A 537 h 60 cm
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Air flow rate (vwm)
Figure 4.32 Area of riser in NB-C-ALCs with different the angles of bottom and
unaerated liquid heights
8000
< 30° h 34 cm
7000 A O ] 30° h 40 cm
30° h 50
6000 | VKA uX B X 4 -
VANRWANRVA\NI # 30° h 60 cm
5000 A AACAN A <5 45° h 40 cm
< S O
e 4000 <& > O 45° h 50 cm
&)
> < < < 45% h 60
<000 [Xa © o8 “ o
A <S> SO 53% h 40 cm
2000 |-
[ 53° h50 cm
1000 | A 53" h53 em
o H 53° h 60 cm
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Air flow rate (vwm)
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Figure 4.36 Downcomer gas-holdup 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 AyA, 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 30°.

- The k.a 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

Hydrodynamics
. kLa
References Type contactor Overall Liquid
gas-holdup velocity (1/s)
) (cm/s)
NB-FP-ALCs
0-0.08 7-27 0.001 - 0.014
(u 0.1-0.8cm/s)
sg
This study
NB-C-ALCs
0-0.07 5-24 0.001 - 0.018
(u 0.1-4dcm/s)
s¢
ssarapayup FP-ALPBRs
- 2-10 0.0003 - 0.006
(2011) (u 0.2-3.0 cm/s)
s¢
Multiple draft tube of
Linthong large scale airlift 0.008 25 0.002
(2008)
(u 0.5 cm/s)
sg

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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Flow diagram of NB-FP-ALC at w 20 cm h 50 cm
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Flow diagram of NB-FP-ALC at w 20 cm h 60 cm
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Flow diagram of NB-FP-ALC at w 30 cm h 40 cm
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Flow diagram of NB-C-ALC 30° h 40 cm
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K= ===

R |||

Ed e e e e B

QL]

QL] L]l

QUL L]t

IR NN NN R ]

QIT{ T L[] L]L]s

R[] efefe]ifL]L]e

SRR RN N R R RN

|| efefefifL|Lfefe]e

RN RS NN NN R S R R N e

GRS R NN RS N FA R R

I R R R R R P R WA N R

E R R R R R R R R E R N N N N
R R K K R R P R R R W R VR O
o || e|elelelele]ele e el el el e el e
% seuumuyuﬂdxw EEN]
F{ S Y

2l=| ===~

] N N N Y () (N

[ Y (N N N N

al=|=[=]=]=]=]~

gt === |-|—

Q| |- L] L]t

QT T L[ L[L[L]L]L]Ld

R T| T e epL]L]L]Le

R R RN AR NS R R R

RITIT T T[e[dd] s L efe]t

R R RN NN N R N R N

C/RN NS FR NN N S N N R

£ I8 K R I R R R I I R O R

of Tt efelele]e] L] L E[E[ L[] L]

of 1] |efefele|e]e]elelelele]e] o] e
of ||| e e[ e e e o] o] | =
sgumwnuumﬂlﬁw EEE

Air flow rate 0.07 vwm

Air flow rate 0.04 vwm

48 | 50

45

42

39

36

33

JEN [N [N [N N

—[=]<]«

21

RS [EUSY Y [ (R [

15

JE VU N

]|l ]«

=] =]

12

RS (U U [N (I [ [

RS U N (I [ [

[N [N [ [N [N [

] =]

—

i
T

i

6|

21

45

T

50\ T

30

R .

27

24

21

18

15

=]«

RSN DU U NI [ [ -

12

T

=] =]

T

21

36

39

Air flow rate 0.11 vwwm

Air flow rate 0.09 vwm



95

50

45 | 48

39 | 42

33

30

36

27

24

— |~

18 | 21

RS [N Y [N (I [ [

—|—]=]

15

12

T

21

42‘ T

s 111
4 T | T

so\ T

50

45

42

39

36

— | <~

33

=]«

—| =]

— |~

— |~

—|

— |~

—| -

||| ]«]

| =]

T
T
T

21

50] T

Air flow rate 0.15 vwm

Air flow rate 0.13 vwm

Rl ||| 2l -
Q=== Q|- ===
=== == Q - ===
Q=== ===~ at|— ===
gt t]=]=]|=[-]1t gr]t]-]-]=|-]t]s
gt t|t]-]=|-]4]L ]t ERRAnnnnnn
gt tr{t]efefe|efefe St t{e[defe]i]efe]d
NBRERARnAe - NREnRnnnnne -
FRRERnnnnnnn W st tfe|ufe]a]e]e]e]e W
FRRERnnnnnnne m R ERnnnnn %
el ] t]|=|e]e]e]s]e]L P sl t]t]ele]e]]e]s S
al [t t]elef]e]e[e]e] ]y © al [t t]ele]e]e]]e )
ottt ] e ] o ]s .m o t[1]e] ][]+ o] .m
F O I 5 i R R R N R R > of t]1|1]e|e|e|e]l]lt 1 >
ol |||l |e]eleele e - @) o 1|~ U U (PR U PR U U oy @)
= =
ZANNMEEEEEEEEEEEEEE SR EEEEFEPEE geE =
z [ A z
al=|=|=|=|- = IS [ Y N [ [={ I .
2= |22~ 2= |- —|— 2l ||
I e e Ey - == Q===
= === |=|- 9 - == ==
A T|=|=|=]=]=]> 2 - =11 at|t|- 1
8l t]|=[=]=|-[-]1 1 ERREEnnne gttt 1l
Bt t]=|=|-]t]]L gttt t|efefe]e]d gttt A
slt|tr]t|=[=]L|e]t]L St t{r{t|Lfe]L]|efe]L gttt A
~ ~ ~
R[] fefefe]]L]e c RIT|T{r[t]efe]e]efe]s c RIT[T| annn
sl frfr|ufe]L]efe]e]e W SRRanannnnne W gttt e
Rt rfe] L e]e]]e]s ~ ER RN N At N
ER AN Mu_ ER LN w g t(t|1 N
al |t |efele] t[e]a] L]l o At tt]t]elele]elt]1]L o at(t|t =
R R R P P P e e R E R A 5 SRR E P P T R R N 5 Sttt e !
S 15 S e i i ik R R R R AL W of 1] 1| 1]e|e|ele]le]1 1 W of t]e|e ) Py I
S O O DO Y O 3 S O | 3 o || N P ]
ol || elele]c el ll[c]c]<[c] *F B DO P Y N N P ==t O ] N O
w\n3sgu5muu_yﬂ\mxm %J M \W\n EREEEEEEEE EEE M masg nynﬂm EEEE

Air flow rate 0.30 vwm



96

Flow diagram of NB-C-ALC 30° h 60 cm
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Flow diagram of NB-C-ALC 45 h 60 cm
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Flow diagram of NB-C-ALC 53 h 40 cm
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Flow diagram of NB-C-ALC 53° h 50 cm
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Appendix B
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B-4.2 Area of downcomer in NB-FP-ALCs with different widths and unaerated
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B-4.7 Overall gas-holdup in NB-FP-ALCs with different widths and unaerated

liquid heights
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B-4.8 Downcomer liquid velocity in NB-FP-ALCs with different widths and
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B-4.9 k,a in NB-FP-ALCs with different widths and unaerated liquid heights
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B-4.10 Specific interfacial area (a)

unaerated liquid heights

in NB-FP-ALCs with different widths and
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B-4.13 Area of downcomer in NB-C-ALCs with different the angles
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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
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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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C- 1 Comparison of overall gas holdup of NB-FP-ALCs estimated by Eqg. 4.10 with

values observed in this work
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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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Eq. 4.13 with values observed in this work
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Eqg. 4.14 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
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