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CHAPTER 1

Introduction

;

1.1 Motivations

ﬁ// " biochemical processes

such as aerobic fermentation=and w@ewé im sThe advantages of

airlift reactors incl (i 'xinavo' nd destiuction in shear sensitive

complicated h @ble motion have been

-

recognized to ers (Lin et al.,

b L‘e,_\ Offig, reactor. The riser

"'., Wk s
aUdkIesBelumi, On account of
1 k

.. j A | \ .
the additional loo | W" aic Cemditions are altered

‘.\

causing the op
bubble column (Mg

D :\\k-' from that of the

986 ahtag8s of the airlifts over
f

BAAT i
bubble columns are iinproved=rabxing= actually® higher mass transfer
coefficient in some inStances=particutariy-ii WEtem with three phases. This
latter is possible because, E;; ....ﬁ_r_fﬁ; ity which may be used in
the airlifts ~Cmst' =5 ™

loop airlifts Whege W ,o umn has been
split into a riseﬂInd downcomer by an Internal baffle as shoM in Fig 1.1; and

(ii) the external- (r(EW-Ioop airlift reactorsWre the riser and downcomer

BULIMENINEINT

Some of the important hydrodynamic parameters of the airlift reactors
| jon, Th
r pr@p
design and scale-up of such reactors. The distance between the end of the dra

tube and the base plate of the reactor body determined the rate of liquid and gas

circulation in the loop. The mass transfer phenomena and other hydrodynamic

N &)



parameters require the information of the bubble size distribution (Majumder et
al., 2006) as it is the main parameter used to determine the level of interfacial
mass transfer area which then provides the basics for the estimate of other
hydrodynamic parameters such as slip velocity.

) hydrodynamics parameters, such as
/ ternal-loop airlift reactor has

e_tpector has received only

Up to now, the study of the

AMestigate how parameters,
such as, bubble size_gie weloeity "=... mass transfer
are affected by*arioyg# spargel akea Tatio between gas

and riser cross-

position on bubble

. F L !
NtHE dnternal 8irl i contactors.

1.2.2 inyes : L.of Sparger position on gas-
: ernal airlift contactors.

he ratio between cross-
(ﬁ@,) on bubble

H. 4 To investigate empirical
‘ &jrodynamic behaviorqy mass transfer rate in internal

AU INENTNEINT
QRN TUNRINYINY



1.3 Scopes of this work
1.3.1 The experiments are operated in gas-liquid system where tap
water is used as a liquid phase and ambient air as a gas phase.

1.3.2 In all investigations, the airlift contactor systems are subjected to

s l{f% and operated at room
ere”] ge¥0f the dynamics of the

the following assu

s opdrated ,14_.
1.3.3 C it AW /1€ olle ige=of superficial gas
1.3.4 f drger \Is VariBghin Mahge of 0-12cm.
1.3.5 Air isg ed i Ac-anaular sl \ o g sparger with 60

1.3.6 ' igati rr tiigs are restricted to

AUINENINGINS
QRN TUNRINYINY
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CHAPTER 2

Backgrounds and Literature Reviews

2.1 Backgrounds: Airlift .

I 0 olymn reactor. Based on the
af Jrhft&act i ly classified into two
e —

@R The, comparison of the

g
al“‘confidimations of airlift reactor can

apre2.1.
oy

e
L

tysircWlgtien, fluid dynamic
conditions are altegg [ v. 1 _;-"i tion "\. 3 reactors to be
: _ betwecnlt he airlift and the
bubble column is tif of li ; pCliCU \1 % : depends on the gas
flow rate, wher: igui i \ i -. e dent from gas flow.
[ | ndd \t cultivation of biological
organism as they haV _. and | solids's spending power.
The advantagés of 'F’{{J read , hette liquid circulation, large

gas liquid interfacial area ‘;u:, y' q nass; ate, low power consumption,

short mlxmgKne |

Airlift contac’ranswt of three main se |

AlE3 NENINYINT:

Iength of the contactor.

R SRR

starts to mo to the downcomer
3) Downcomer: This section allows the downflow of liquid. Some small

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



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

2.3 Hydrodynamics in airli p ctors
| J
2.3.1 Liquid vefd _ e//
The liquid ation-oc % causes. Firstly, the

upward movement | ) um balance from the
input gas at the botto €ortactar. S olY;<the ences in the fluid

densities in ri nce also, Yastantfalliquid movement

(2.1)
where X is the gor one complete
movement. The supgffic : alculated based on
the area of the emflty ¢ E it 1 110 ba and WigrefOre is different from
the true linear veloci®. T, .v-“"n-‘-l}ﬂmﬁ-, ays® igher than superficial
velocity as the area for th : ;;;;,..;- always blocked by the gas
bubbles. The linear lig es in ris glavncomer, v, can be
related to l-';l‘ ficial-velocity according to-the-following-expressio

s A (2.2)
j gl

ﬂumwwfwmngﬁ

Therq,re various techniques to measure linear liquid velomty (VLr, Vig)

a classic, color tracer injection met‘d

IR A9RANRIINAINY

expressed using the mass balance principle as:
Lr r_uLdAd (24)



This allows the estimation of one liquid velocity when the other is
known. The liquid velocity in internal loop airlift was often reported to be
higher than that in external loop.

2.3.2 Gas holdup

The volume fraction [

‘h se, in the gas-liquid dispersion is

y e overall gas holdup () is
}otal volume of reactor

(2.5)

poldups (€ and

&) ,can also be igéntifi e related.io the oyerall'ge albiup through the

(2.6)
Eq.(2.6) is derived BRiform cross-sections of the
riser and the downcomer . Fhis-ee internal loop airlifts and it
atsgn the riser and
estimated by using

information qpJ superficial gas velocity and cross-s ll n area ratio.

Wongsuchoto (Zwmmmarlzed the empvl correlations proposed by

ﬂ%ﬁﬂﬁﬂﬁﬂﬂqﬂﬁm

in thalrllft reactors.

wwmnsmumfmmaﬂ



2.4 Gas-liquid mass transfer
One of the most important factors for the operation of bioreactors is
the gas-liquid mass transfer. As general criteria in most aerobic cultures, cells

need oxygen to stay alive and active. However the level of dissolved oxygen

in the culture is always limited b A ics where solubility of oxygen

in water is only around 7 RPN .4 ambi : n The rate at which oxygen
is dissolved into the \ ater At ey step in accelerating

cell growth, and it of the system in

transferring gas b

of bubble size@Stri his 15 Ofti 2o ficalin g8, scale systems.
A more conventi d Adetefmining 't ateNOE gas-liquid mass
transfer is to fifd thg'prafiuet of the=tv anti . To determine this

parameter, the metl % .' 4np MRoT™@kygen is employed.

Oxygen balance per . J ﬁ4- gbioreg@tor in which a living

(2.7)

_ sjlved oxygen
concentration iﬁ" quih xygemn the air, k, a

the volumetric oxygen transfer coefficient, and r,_ the rate of oxygen used per

ikl Anevs Wy
ammmmiﬁﬁﬁwﬁaﬂ

The overall volumetric oxygen transfer coefficient k,a was
determined by the dynamic gassing-in method as used previously by the K.H.
Choi (1996) they investigated for the two airlift reactors was comparable; the
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bubble column was higher values of kia than airlift reactors but bubbles
column was the poorest mixed because of lack of a well-defined bulk
circulation of liquid. The configuration of the geometry of an airlift reactors
was a significant part in controlling the mass transfer rate, it was notified by X.

Lu (2000) who investigated the ass transfer between the modified

square airlift loop reactors I 1gPp rectors and it was reported

that when the superfigiai v )ﬂ( thin the two extreme

superficial velocity, e average ‘ : square airlift loop
e — - — -

reactors is about. - W <IT=relng=aitlift loop rectors.
Moreasegwith superficial gas

~ Y g
velocity (Usg) tienal area between the
downcomer an oles in sparger

on kia was negligilghé” aries.of wor 'O gas8liquid mass transfer

There are : is § * 1 : e determination of
interfacial area, for i s E':' Yan lethodWllhich was based on the
absorption of CO; in sodTeHA=0r—p = Carbonate—bicarbonate buffer
' hotographic technique. In
dgs, Which

dy:

solutions, dynamic gas .‘7

practice, b@ F

Slig

d32
‘o ZNd2

AUBINIAINHING.

IS th@here diameter with the same volume as ellipsoidal bubble.
The entire range of ascer‘l'mg bubbles velogitys can be tentatively @

RAIATIUARIINEIN Y

(2.9)
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1) dg < 0.7 mm: The bubbles behave like solid particles and the their
velocities are governed by Stokes’ law which is depended on liquid
properties and particle characteristic;

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

internal circulation a f Jthys decreasmg the stress on the
interface. The s_the value calculated by
Stokes’ la \* o

3) 1.4 mm %\ 'Iie bu@nger spherical and

he resiStaneesto=their motion increase
A=change in the bubble
e \-\ g

Omthe asCent velocity;

4) imiting ascent

wongs al ’,g‘ S ’ \v \N' On of bubble size
in annulus spargedgnrlif; contactar: l“_. £) The € slhowed that bubble
sizes decreased along th axialistar cein er. Mofeover, bubbles size can
be related to the supefTicial\ga ity el of ugy (<0.01 m/s), most
of gas bubbles in the syst :f-"';:d_}' 0 mm, for case 0.02 < usg
< 0.04 m/s,:al inar ﬂf 0.0296 m/s
existed a retatiely-laige-bubbles-group-with-diameters-of-r- .fmm and the
g'h_r',»}s@, (>0.05 mf/s),

smaller bubbleﬁ} ith diameter of 3.0—6.0mm dominated Mhe system and

other smaller-grup

group of large bLWDk—Z‘S disappeared. Moreov e higher ratio between the

ﬁmwmswmm

Wlth reased orifice number of sparger due to the high pressure in the sparger

with less number of orifices caused eri Iar e new- borﬁ)bles size and broke

4 RN neae
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Table 2.1 Relative performance of external and internal airlift bioreactors
Reactor
Parameter External Airlift Internal Airlift
Bioreactors Bioreactors

Mass Transfer _ | .
Coefficient . \\‘J /// Higher
Overall Gas holdg& owe ’/l Higher
Riser gas holdppm— | f o ———  |jigher

s :

Downcomer gas holduge™ "/ Lolver. \igher

Circulation Velocity

AUINENINGINT
RIAINTUNRIINYIAY



Table 2.2 Literature review

Author Details
(year)
Shing et al. ILALC
(2003) perforated ring
sparger with 26
holes of 1 mm
diameter
Choi et al. ILALC
(1996) perforated ring
sparger with 30
holes of 2 mm
diameter
Mehrnia et al. ILALC
(2005) perforated pipes
sparger with 30
holes of 1 mm
diameter
il
=
Korpijarvietal. ILALC M-Water

(1999)

perforated tube
sparger of 0.09 mm

= Auginninens
AN TUAMINYAE

13

—Lowncomer

Gas holdup (-)

Ad/ Ar

0.038-0.165

0.009-0.113

FUUSO-UUS

1.00-13.20

1.25

1.00

0.707

0.14-1.69



Table 2.2 (cont.)

e

Author Details Syst
(year) =
Chisti et al. ILALC Air-W
(1994) perforated ring :
sparger with with
38 holes of 1.5 mm
diameter
Blazej et al. ILALC
(2004) Teflon plate sparger
with with 25 holes
of 1.0 mm diameter
Lu et al. ILALC
(2000) Teflon plate sparger

Wongsuchoto et al.

(2003)

with with 25 holes

of 1.0 mm diameter :l

ILALC
perforated ring
sparger with with
14 holes of 1.0 mm
diameter

I//

(1/

~ LJOW n,-q

s.hold ()

14
Gas holdup (-) (cm/s) (-)
- 2.00-17.00 1.8-7.7
- 0.50-3.00 0.95
- 0.08-0.16 0.11-1.38
f 0.01-0.12 0.59-7.37 0.07-1.00

ARIANTAUNNI TN
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Figure 2.1 Schematic flow di i—ﬁ‘f’?;«:}s:{i..};ﬁ:

3
%

[
AUEINININYINT
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CHAPTER 3
Materials and Methods

/ illustrated in Figure 3.1.

I cyllnder and a draft

The airlift contactor<ALE L:;:h_ sts main

e

installed at the.ge L. parts are made

from transparent a@flic g d allo allohs exvatigivand to record the
movement of“the cgfor #fagfr /o i '\"»\ asurement. The ratio
between downcg e‘r d Jrisgt s..seetional ¢ :“w is altered by
changing the draft tbe dia A s etz e\ \” N he annular sparger

.i.'
made from PV installgc at the 4
v‘,v ﬁ' ]
phase into the ALC he p ¥ Wi Was fixed at 60. The

bubble size distridltiongre mg f“

troduce the gas

e dig 3 video camera at three

vertical locations as defailedjifidlable 3.2«

Ju3k

The manlpulated parameters-in-t axperiment include the sparger
. Fi 4 .
position, air_flow ratio’ by gomer and riser cross

sectional ateas,<The sparger position. | s—basically the distz etween the

column bas@a . 2 Nadled from 0 to
.

12 cm. Air flovm te is contre ameter a thls is varied in

the range of superf|C|aI veI00|ty from 4 to 10 cm/s. Table 3 summarizes the

detai th on |t|on |n this work. A _dissolved
dis B in gh d pergion

for ﬁrs Imation of the mass transfer rate. In all experiments, tap water is used

as liquid phase and the compresgfd air is used as as phase. During the

q RIS IUURINYINY

is left running for a certain period of time to ensure a steady state operation

before starting the measurement.
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3.2 Experimental procedures

3.2.1 Measurement of bubble characteristics
The measurements of bubble size and distribution are performed only in

the riser of the internal loop ALC_u i a general photographic technique

method. The bubble sizes arg Méas d three sections of the column
(parameter h in Table 3.2)<ghleN Mbe sised in the measurement is

more than 200 u,. s fneeach experim istortion due to the

curvature of the o
with the scale a

follows:

| Ouid level (HL)
e miﬁ e dral )

1-d fiesired point

2. : _
Y . | ro \ _
3. A Cg Itmu rsec Y sedig from an air
g ':’, uls , I 1C \ plumn
4. Adjust fici (UsgliiQfhe des & V2 ue with calibrated
rotameter JF  SEE ! |
5. Record images of th € different heights (h) as shown

parfﬁters . M

3.2.2 mwdvehﬁﬁeasurement

jJEM*ﬂﬂW%W%ﬂ'ﬂ?

Procedure

9 RININUMTINEA Y

cm level above the top of the draft tube

step

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

compressor through the sparger to the column
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3. Inject dye tracer directly into the measuring port and meansure the
traveling time of the dye between any two vertical positions. The
motion of the dye tracer is visually observed and a stopwatch is
used to measure the time between the two positions.

¥ liquid velocity following Equations

4. Calculate riser and dow
3.2and 3.3 '

is determined

using the dyne /mé (F gah, cWal., 2008). A dissolved

as follows:

Procedufe

1. Fill tap g entri *‘o nufiti 'l liquid level (Hy)
is 3 cm aba _-E_-_ ) \
2. Immerge the di f' 1-0xygen | gito the'water in the column as

ved oxygen concentration

beepr removed

atea niltocon aacihiaiabh ibaboca ol Iha conT, to the

k) "

4. Stop th?nltrogen gas flow when th d| solved oxygen concentration

ﬂHﬂﬂﬂ&ﬂﬁW&&ﬂﬁ

through the sparger into the column
Q ’]6 Record the dissolved oxren concentration With respect to time
‘ Ei Icu'aﬁ mass trans eruliet kL! ao n ﬂtlon

Repeat Steps 1 to 6 using other new geometric and/or operating

in the

parameters
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3.2.4 Gas holdup measurement
The overall gas holdup is determined by the volume expansion method.
The gas holdup in the annular section is determined by the manometric

method. The experimental steps are detailed as follows:

Procedure .
1. Fi intautie nirig until the liquid level (Hy)

¥
-------

ghvalue by using
aluategthe overall gas

5. Meg orgbsufe di SFENCE begween't A0 pajtions (AP) in
g tic 7 h t0 vallate the riser gas

2 However the
R*A., ureddirectly, therefore

e O -\- ing Equation 3.15.

ﬂUEJ’JVIEJ‘mWEﬂIﬂﬁ
ammmmummmw
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3.3 Calculations
3.3.1 Bubble size calculation
For ellipsoidal bubbles, the major and minor axes of the bubble images

are measured as shown in Figure 3.2. The equivalent diameter of a sphere with

the same volume as the ellipsai i calculated by (Ruen-ngam et al.,
T
2008): \(\\ | /

3.1)

dB
—

3.3.2 Liquid
The liqui easured by the

between any _ sjis, measured and use Moycaltilate the velocity

according to:

(3.2)

(3.3)

s 4
where v liquid veloCity=fem/s}—

- AT
distance-between-any tw

.
]
y L\

W
3.3.3 Volun;mri’c "B‘h
The volwmetric mass transfer coefficient (k a) is determined by using

the dynamic methﬁ.ﬁ time profile of the diggglved oxygen concentration in

AUHINHNINEINT:
QRN IUNRVINYINE

where C” = saturated oxygen concentration [mg / I]

C, = initial oxygen concentration [mg /]
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CL = oxygen concentration in liquid phases [mg /]
k.a = overall volumetric mass transfer coefficient [s™]

t =time[s]

3.3.4 Gas hold up calculationsy, -

1. Overall gas hold

The overall g , | g a volume expansion
technique. The exp pre’ 7 gas volume in the

(3.5)
where V, = expand
VD =d
V
The fl area of the
column (A) and fl
(3.5a)
(3.5b)
(3.5¢)

H. = un%ﬂated I
Moreover can calculate the overall gas hold up by:

AULINIIIN TS

From Equations (3.5), (3. 5a) (3.5b), (3.5¢) and (3 5d) we get:

9 mnsmmwnmw

where &, = overall gas holdup [-]

Hp = dispersed liquid height [cm]



22

H_ = unaerated liquid height [cm]
The unaerated liquid height and dispersion height can be measured
from Section 3.2.2 and then the overall gas holdup can be calculated.

_ or, riser gas holdup is

Ge-betiEEn, [wo measuring ports

Firstly, (3.8)
(3.9)
(3.10)
Neglecting %, tle, gas holdup can be

calculated from

(3.11)

(3.12)

since (3.13)
50 _ \ o g F e By (3.14)
finally, I-IT | (3.15)

where AP = preswrﬂference of defined Iuw}level in the column [g/cm.s?]

ANYINENINEING

pG = gas density [g/cm®]

amamﬁmmmwwmw
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3. Downcomer gas holdup

It is assumed that the gas holdup in the top section is approximately
equal to in the riser. From this we can estimate the downcomer gas holdup
from the overall and the riser gas holdup. The relationship between the gas

holdups in the different parts of a

ntactor can be written as:

Ha)(A +A)é,

e (3.16)
substituting &= & |$
= s (3.17)
or
(3.18)

where &, = oygfall ggt
¢, = gas hgldupgh riser [-] 255725
‘ i ‘fhl ;"ﬁﬁ'b =~
¢, = gas holdyf in Sowndbimier 11
' &Y
y p.«- _!;

A, = cross gectiofial area Of-dowi

A, = cross sectionaléa *"r"'gﬁf,

ﬂﬂﬂ’)ﬂﬂﬂﬁWEﬂﬂ‘i
'QW’]Mﬂ‘SfUNW]'JWFJ’]ﬂEI
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Table 3.1 Dimensions of draft tubes

Draft Tube Dalcm] D,[cm] AdlAr -1

1 9.00 9.77 0.90
12.0032 0.20
1.40

arger position

‘ALC -3

ﬂuﬂwamwmm
Qmmnsmum'mmaﬂ




L

[ Air Compressor }

pla

v

Draft Tube Support
——» Measuring point

....................

Manometer

............

J

Sparger position

aE
p—

! R‘FI g Sparger
. Air in M\‘ Drain

e B ANEN NGNS
RN TUNAINYINY
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CHAPTER 4

Results and Discussion

4.1 Error compensation in

The measurement 0 18y
direction. The radial disfibUtioReelh [ —‘_‘gberved as the annulus of the

employed ALCs had Yer-sr ¢ secti area re the distance between
inner and outer columAET! pnty,0.01-0.05 : ximately in the same
order of magnitude y : T :\ precIsagmeasurement of bubble
sizes along radial dire bl e subject to error due to
the curvature of Bbject with a known

subsequent measure i . 'j-f'- e to the cubva 4k of the column surface
| V. _ xample. c \ potegraphs of bubbles obtained
from this measuremen - (Wongs S / 003)
" s |

4.2 Bubble size distribytioREas-a-fHREHOD of sparger position
er position on bubble size

Figures 4.3-4.7 illL --*""JFW
distribution at@ t@hj ratio between

riser and dowl‘ 5
attached to the b " m he sparger and the
\m was varied from 0 to 12 cm (as detailed lanle 3.3).

The bubble S|‘Wbut|0n curves in thew as illustrated in Figures 4.3-4.7

:;za;mj HantnInHINI

in these C have larger size than th in ALC-3 where the sparger was Iocated at

AWIRI RSN NS T Y

bubble size in ALC-1 to ALC-5. It was demonstrated that, at low sparger position
(ALC-3 and ALC-4), the average bubble sizes of ALC at all height levels were
smaller than those in the system with higher sparger position (ALC-5). There was a

bottom of the col
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potential that bubble breakage took place in the system at this low sparger position. In
brief, the bubble size became larger at higher sparger position (dgs: ALC-5> ALC-4 >
ALC-3).

To describe the phenomena, the finding could be analyzed as follows. In airlift

systems, the fluid circulates upwards infis ran downwards in downcomer before re-

eggfore, if the sparger position was

/ comer, this flow pattern
- ~ er description). In such

pushed the bubbles towalds™ all (seejigur

cases, small bubbleW d frgm th Ottsiagbetween the bubble and the

wall. On the other handgg o :'"-‘* ’ Buthe connecting tube, the

bubbles would n : n ».\» er- -- 0f bubble breakage
was observed. To \\ o ge( position provided
‘ s m position.

> were located at 6

cemer connectlng p0|nt

On the ot | i ; ‘_ \ \ \
Y

was located belo r re- tf patte .'. ot have significant
impact on the movemeg¥ of les, a L‘ ' bub o:\' i upwards undisturbed.
This lowered the chance9 reakage restilting in :

rger bubble size.

4.3  Bubble size distrib It :""' | superficial gas velocity

e
Flgure@ sﬁg(yn three vertical

j1ain bubble size

in the system andﬂe S ﬂl
Bubble size did net’seem to change further when superficial v ‘ity became higher
than 0.08 m/s. As a g‘lﬁtrend bubble size wagjghite large, in range of 5-7 mm at

zﬁj’u HanunInganT -

At*a low level of usy (<0.06 rais) as shown in F| ure 4.9, the Sauter m n

qWAE SASWARIINGIRY

bubble size in the system became smaller with a diameter range of 4.0-3.0 mm as

dnged in this work.

shown in the distribution curve in Figures 4.3-4.7. Literature indicates that an increase

in usg led to high energy dissipation and turbulent eddies which caused more bubble
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breakage. Fundamentally, an increase in usq led to high liquid velocity and this might
enhance turbulent intensity. However, a further increase in gas throughput (>0.08
m/s) did not seem to further influence bubble size. This finding agreed with the

literature by Wongsuchoto et al. (2003) who studied the bubble size distribution in

ALC with perforated ring sparger w gas-liquid system. They stated that this
might be due to the stability of sp % e breakage mechanism.

sparger fixed at t the/Calum ‘ | WA, i.e. 0.2 (ALC-1),
IseEE » t at low superficial
: u'“~ diafMeter were observed
among the three syste f . are 4l 'u; ‘ rep ‘O\r at 't1& homogenous regime

| hroughg \\ e moved uniformly and
coalescence and brea B4 here & bubble size remained
constant and equaled thg¥ — J msparg r. In contrast, at higher
superficial gas velocity, 'Ad/Ar re important role on bubble size.
The bubble size was found.ie :":'}, »wﬁ

riser cross- sec@

asing draft tube size (smaller

h smaller riser
—

r}ser area. It was
A;) and the chancﬂbubble being broken to small bubbles werve@

'uaﬁzmmfr:rrmaam

section of the airlift column was fo‘!d to be larger th those in other sectl

qWISATEITN, URITNEIN

decreased as a function of increasing column height. This suggested that there was a

possrble that liqu small riser (small

rmed.

higher level of turbulence in the top and middle sections which could break the bubble

along the height of the system. This result is consistent with the reports of Colella et
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al., (1999), Wongsuchoto et al., (2003) and Ruen-ngam et al., (2008) who measured
bubble size as a function of height in bubble column and concluded that the relative
frequency of the small bubbles increased with increasing distance up from sparger. At

a higher usg, the small bubbles did not seem to break and the Sauter mean bubble size

was independent of column height. \} |
46 Overall volumstric “mass"
s..__"ur .

—

CONLACLONS - ———

In gas-liqui

of the most importa

with an increase ' yas hold | arger position could
ted earlier, lowering
sparger position resulte " _::‘ a ence, more surface area
for gas-liquid mass trg | '. f_ﬁ g : C Jas-liquid mass transfer
rate. 1

Figure 4.11 also descr hes i A, on k.a (ALC-1, ALC-2 and
ALC-3). It should be noted ’5 | A, seemed to accelerate the

liquid cwculat@

4.13). On the qk A
was small in the

specific mterfamﬁ
parameters: gas holdp d bubble size. TheWults in Figures 4.9, 4.13-4.14

-G NN TN ™

|Ilustrat(gl‘urther that k_a also depend? more notably on the spemflc interfacial ar a

QW’TWH?WNW’]’MH’]&E

To further investigate the gas-liquid mass transfer performance, it is noted that

te thlrcould enhance the
rea. Normally, the specific interfacial areJJMII depend on two

kLa composes of two main parameters, i.e. “k.” (overall mass transfer coefficient),

and “a” (specific interfacial area). Generally k_ is a function of turbulence, liquid
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properties and bubble size. The specific interfacial area (a) can be calculated from the
Sauter mean diameter, dgs, and the gas holdup, &g, as follows:

a = 4.2)
Sauter mean diameter is further defi
(4.2)
where n; is the occurrence, _ ezsphere, bubble diameter, dg;
Figure 4.13 demonstrates v0) \ o™ gher at lower sparger
position. This was* . Stalled “atulowe position generated
smaller bubbles whj ‘ WEF Speg '_\ -‘_;:"'--. esidence time and
holdup in the system. & gt in Seofiom A2 ‘the Sduter mean diameter was
greater in the syst ithhi ition-of sparge o daredWlllith the lower ones.
: : \
¥ - L
This could be due to \ f) ‘."“ d rsed from the lowest
sparger position, t ed agalfy f‘ _ hefeciC@lating fluid from the
downcomer, and thus i€ion" be senyBubDle 'ald 'Wall of reactor occurred
leading to bubble breaka '
The overall volu etr| nass transi er , Jent (k.a)r could be calculated
from the sum of the mass tr_s ﬁ:‘ﬁf:? 1 ; wncomer sections as follows:

. |N5Jdowncomer and

ained fr ke r multiplied by

where Vi is th&/
Vi1 the volume ofﬁ' al liqUiee

ar and k_g multi d by aq. The parameter k.a calculated fro this equation was
compared, relativel (;/ﬂwth a deviation ra of +20% with kia from the
- @nanima i)
' rtant’ charaCtefrstics affecti ansf r Coetficlent (kL)
between the gas-liquid phases are phygical properties of gsolutlon and the 3|z
4] ﬁ.ﬁﬂ TN TINIRY

summarlzed in Skelland, 1974, Welty 1984, Stanley, 1998, and Painmanakul et. al.,

2005. Equation (4.4) is often used to estimate k, .
Sh=a+ b Gresc’ + e Re'sc" (4.4)
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The dimensionless relationship between Sherwood numbers (Sh), Schimidt number

(Sc), Grashof number (Gr) and Reynild number (Re) can be written as:

(4.5)

(4.6)

(4.7)

bubble, U, Which is

o \ :
a 0'7-*_-' densH Vil os of the surrounding

\
av . \ .
nfqQ a}r"’ ‘ 8 S “_. is required for the
estimation of the ity of the-gas-ht Ah 't b}‘\k emrusing the following
equation (Marrucci, 1966; II|s '"“ u | \

f;ﬂ»,
Haeh el

where u., is the bubble’s _;- iser veloc

five parameter@ iC

(4.8)

ally, the velocity depends on

(4.9)
_ A ,*i
which can be calculz ialahmadi et al., 1994,

q mmmmma ﬂﬂﬂﬁ 4

of liquid and pg the density of gas.
As the limitation of photographic technique, bubble size in downcomer was
not known and the determination of slip velocity in downcomer was not possible.
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Therefore, the Sauter mean bubble diameter downcomer (dgsg) Was estimated from

experimental data on liquid velocity in downcomer (u.g) using the Levich equation:

2
dgq =£(%"j (4.11)

It was assumed further that there w

tipn of bubble size along the radial and
axial directions in downcome ' /Q// ,
. \ Bsd — é (4.12)
- = - - ‘-‘ - -
The specific interfacial.area ComwaLd)@om the substitution of

dssg from Equation 4 Equation 4.13. Therefore,

aiq can be calculated.b

(4.13)

The liquid velocity i b ‘ \‘ "'.\ ‘* \ estimated from the

continuity equati . i ase Where ‘, Jpass*How in downcomer

was equal to that in rj aI |nt al i id ci “'-, assumed not to exist

(Wongsuchoto et al. 2004y. -,"u" e“ ( \ \\ elocCity in riser (u.r) was
obtained from the me ithythe colortracer teq

Bafl- &) ¥ (4.14)

Figure 4.15 iIIustratesr pctween the predicted k,a from

Equation 4.3 and the experid ental .value wi ied in airlift contactors. The

5 @lese results are

eﬂn et al., 2008 as

@ ‘ tam red
"Excel 97 where the objective was a m al error between
experimental and mm‘amdata of k.a). Equatioggd## can finally be reduced to:

RUEANININDANT:.
QRIS R

parameters a—@

close to those pt
shown in Table from the solver

function in the
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4.7  Empirical models for the prediction of the Sauter mean bubble

diameter of various parameters

The three parameters were investigated for the effect of the Sauter mean

The accu f epfirj Sdels propasedlinithISiuorkwias verified with the

experimental data witl igtic ge of . (as ayed.in Figure 4.16).

AUINENINGINS
QRN TUNRINYINY
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Table 4.1 Parameters from the initial establishment of k. correlation in
Equation 4.4 Sh = a + bGr°Sc” + e Re'sc”

Condition . R2
Tap water , 0
Tap water

(Ruen-ngam et al., 0 0.91
Tap water . 00

(Wongsuchoto et al.,

......

ﬂuEJ’JVIEJVIﬁWEﬂﬂﬁ
RIAINTUURIINYIA Y
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Figure 4.1 Example photograp ---?- -----------

?F o i
measurement.te 'ﬁ B -'*""

FWEJ’WIEW]?WEI’]ﬂ’i
QW']Mﬂ'iﬂJNWTmEI’mEJ



o Draft tube

> I Downcomer

Riser
L N 12 cm
=— 0cm
Figure 4.2 Effect of sparger position =
(@)  Distribution of gas when spar abog@the base of the reactor
(b) Distribution of gas wheh sparger is located 12 cm above the Base the reactor

AUINENINYINg
QRIAINTUNRIINYAY
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Frequency distribution of bubble sizes in ALC-1: (1) usg= 0.04 m/s (2)
Usg = 0.06 m/s (3) usg= 0.06 m/s and (4) usg= 0.10 m/s
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Figure 4.4  Frequency distribution of bubble sizes in ALC-2: (1) usy = 0.04m/s (2)
Usg = 0.06 m/s (3) usg= 0.06 m/s and (4) usg= 0.10 m/s




40

09 - Top Section

0.8

0.7 -

~~ j
06 1 AR

f(de)

0.5 1

0.4 -

0.3 -

0.2

0.1 -

0.9 - gddle Section

6 7
dex10° (m)

Figure 45  Frequency distribution of bubble sizes in ALC-3: (1) usg= 0.04 m/s (2)
Usg = 0.06 m/s (3) usg= 0.06 m/s and (4) usg= 0.10 m/s
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Figure 4.6  Frequency distribution of bubble sizes in ALC-4: (1) usg= 0.04 m/s (2)
Usg = 0.06 m/s (3) usg= 0.06 m/s and (4) usg= 0.10 m/s




42

0.9 1 Top Section
0.8 A
0.7

0.6 1

f(ds)

0.5 1

0.4 -

0.3 -

0.2

0.1 A

0.9 A

0.8 1

0.7 A

0.6

f(de)

0.5 1

0.4 -

0.3

0.2

0.1 -

0.9 A

0.8 1

|
|
0.7 A /

Q7

q : ‘0 1 -2 - : 4 _ 5
Figure 4.7  Frequency distribution of bubble sizes in ALC-5: (1) usg= 0.04 m/s (2)
Usg = 0.06 m/s (3) usg= 0.06 m/s and (4) usg= 0.10 m/s
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Figure 4.8  Relationship between average bubble diameter (dg) and superficial gas
velocity (usg) along axial location
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Figure 4.11 Relationship between the overall v |c mass transfer coeff ts (k.a) and superficial gas velocity (Usq)
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CHAPTER 5

Conclusions, Contributions and Recommendations

5.1 Conclusions

The bubble size distrib

-liquidADases_tramSter because it has significant
influence on the specific_inierfa areaggnd t 35S er coefficient. In practice,

8 (dgs) and this parameter

system. . LY

Based on the y#ri . .;L \ \ “~ bble size distribution as
discussed earlier; tHe mai usions edhas fe lovs:

1. The bubblegize tion n-the ris \ AIGE was a normal type with a

narrow gap. p main bubble size and their
distribution seem to'stight#y-chang Sy stem.
2. The Sauter mean digimetert ok By stem with sparger located at base

of re " : @n the sparger was
i 4 — e h 4
IOC .-"
4 .. _
3. The Sat ystem decreased with an
increas‘ superficial gas flow rate through the systerﬂﬂl
4. The Sautevnﬂdiameter of bubble We system decreased with a decrease

AU TN IWEIN S

height.
ws O INthis study, the gver v‘? etric, mass 2 efficient increa '

AR TR Y

q 7 ' interfacial area,

. The decrease in Sauter mean diameter enhanced the specific

and thus, the overall volumetric mass transfer coefficient.
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5.2 Contributions
Although airlift systems have been investigated quite intensively for the last
decade, very little was known about the effect of sparger position on the system

performance. This study is among the very few that disclosed such information. The

jgated in this work, a simplified

ean diameter of bubble within

d introduce gas phase
0 move out of the center
_ | e contrary, if the gas
odynamics performance
ause the flow pattern, in this
s ‘. and it is anticipated that
_ e breakup. This experiment is
difficult to design as the -‘ ASurement pble inside the draft tube with the
photographic technique s u ' gasurement techniques must be
developed, suqé}i_ : jital vid J , refractive optical
probe and ultragd i yble

0 have limitation in the

Having mmone emm
|
annulus sparged ft systems as visual observatlon becomes*uRclear even at low gas
throughput. Future rdaﬁ should be directed rds the development of a simpler
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List of abbreviations and notations

Abbreviations
ALC Airlift contactor

Gr Grashof Number

Re Reynolds Nuggper [=ess&1

Sc Schmidt number g -
O

Sh Sherwoogd®umb

Notations

a Specifi®inte _cni
Aq Cross-sectinal
Co Initial dissolvgo q

ds Bubble diagfeter

ds Sauter mean di et‘ _ ‘

d; Sphere diameter wi ime vol > cllipsoidal bubble [mm]
n . —

D fiusivity [m*/s] _

DaLc il ata ,

Dt Draft tﬁ di _ =

Di Inside deaft tube diameter [cm] 'ﬂ‘

Outer draf‘ iameter [cm]

ﬂﬂﬂ?’l]ﬁmimﬂﬂﬁ

Grawtatlonal acceleration [ /s%]

q mmmmuma NYNa Y

Gas-liquid mass flux [mg/s.m?]
Ni Bubble number with an equivalent sphere diameter [-]

p Major axes of bubble [mm]
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PA Partial pressure of molecule A [atm]

q Minor axes of bubble [mm]

Q Volumetric flow rate [m?/s]

t Time [s]

Usg Superficial gas velocity [m/s

Ug Bubble rise velocity \"//
Vv Liquid velocity [c /
\Y Volume [cm ]_a_

z Height of liqui ’

Greek symbol

&

o

U

1

Subscripts

A Molecule A
ALC  Airlift contactor
Bulk liguid

D Disperse(ﬁuid
dt  Draft tube
G Gas phase

ﬂﬂlﬂﬂﬂiﬂﬂﬂﬂﬁ

erall

Qmmn'smummmaﬂ

Gas-liquid separator
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EPEFFFCT OF SPARGER POSITION ON BUBBLE SIZE
¥ DISTRIBL
. AND GAS-LIQUID MASAY SFER IN INTERNAL

R BT

% Keywords: pn€umatiggfacybraffes ko désye) W, Trodynamic

B \

B

B

£

i y | F:2, . _

“The influence of sPargeghposiion and-Hieds 88 Bs-SBetional areas of
"downcomer and riser (484 u'n [ alig®l D i Opfin Wil 17-1 internal loop
~airlift contactor was Amehth 2 s pIelbriTel using superficial
“'gas velocity, U, of 3 703 aphigllechnique was used to
“measure the bubble siZ€ disfbtmie v restlts revealed that the

bubble size decreased with an” Micial gas velocity. Lowering
* sparger pusﬂmn {6 cm abog o e o he formation of smaller

bubble size. ' bsgeved at lower
sparger pGS]ll yrn-and so was the overall volumetric gmient_

=
|

l r'
Airlift contactor H e
aerobic fermenlatmv'l wastcwa[{:r treatment. main advantages nf alrllﬁ
react 1 r y hi
commilic tn ' , 0 | a

g rs L1n et a

TEeco d to be the kt,y factor ru.spcmmble for the mass transfe
2005). Bubble size depends on Lunte‘iﬁr geometry, fluid groperties, type of gas

QRIRINSAAN’ m}ﬁﬂ 3

average bubble size tended to increase with increasing orifice number of sparger.
Moreover, Kilonzo et al. (2006) reported that the bottom clearance (spacing
between the lower end of the baffle and the base plate of the reactor) had a strong

'
m
widely employed in many biochemical Mcasses such as
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influence on the rate of liquid and gas circulation in an airlift contactor whick

could then significantly affect the overall gas holdup in an internal airlift
contactor.

Up to now, there are only fey

Jift contactors. The prmuple
Miypamic and mass transfer

0, and mass transfer
position,

objective of this study.is
parameters, such as,

cylinder has
diameter of 10.1 l
sectional area ofy
visual obsery

Mraft tube has a i
ner and riser cross :
plastic to allow

The draft tube is call s Jhe 3 TR T be is 10 cm above
the bottom of thg . alay s madelTom P W@ is installed at the
base of the co umm {iyce a5 (R R C. The influence of
sparger position i o ni chanzing y RO 10T NpRints, i.e. at 6 and 12
cm above the bottm offthe colifial , ate i5@ntMlled by a calibrated
rotameter and, is set jj ot-sup: T glocigllor [/, at 3.92 and 9.62

cm/'s.

Bubble size distribution ms /
The measurgments gl S
of the intg
SIZEes are ,_',:;-%-;Ta_’.nw}l'.r-;.-.;___...._.__.,_.___.._... ,
bottom of e A \

than 200 bub

in the riser
The bubble
§n above the
giment is more
the major and
minor axes off{bibble images ige of the bubble
(dg), represenfMg the diameter of a sphere whusc volume is €fual to that of the
bubble, is calculaw ing Eq. (1).

ination ni !ydmdvnamlc an; mass trans;u behavior of alth cnnnrlun}

I he rerall gas holdup, ., is dL[LEwI]l‘:l‘J by the volume pranbmn method
where:

wwmmmummmw
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osition
FIGURE | Schematic dia gragsoicong ial joop airlift contactor
- The riser gagdnd flenghnce, AP,

. between the

(3)
it ls agsumed that in_the top section i ely equal to that in
(I- I!ET yt 7); jﬂj ﬁfﬂ ﬁ
Livs {A + o 07 = “ L7 “4}
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The overall volumetric mass transfer coefficient (k.a) 15 determined by the
dynamic method. A dissolved OXygen yn ter is used to remrd thr: changﬁ in
oxygen concentration with llIT!I
bubbling N, through the liqug

Eqaia):

Figure 2 illu bubbles size

distribution if*the ajgfvagf sfstfih. HShodli b ek Sted, GBlorc Mrther discussed

this point, that his condition was

relatively lar ngforgba iy W4 T orty W her rescarchers
(Wongsucho al 47003 zakisfgt-al jed bbble formation
in porous spargery b 1. g (s <t hall Pl e SWith a large number
of orifices, suppfted, 3 ‘bl L% S = Wik c the situation in
this experiment. At aliow B peg i _ il AW, OB 97 cr/s) the bubble

size at the middlggfctil U SCAL LS el than that at a high
superficial gas vefocity 2 o . at BEMof 92 cm/s, the bubble
size was in a range of a of W2 cm/s, the. bubble size
was in a range of 4.0%5.0 iy at oBterved by Wongsuchoto
Cased with increasing superficial

ﬂ‘LlEJ

R_i: 2 Frequency distributiongef bubble sizes at various U (1) L, =392
cm/s and (3 U, u]ual to 9.62 LA
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—— sparpts positian 3t b L'mJ (b)

e
—= apargey possdion o 6 u-n—l
- spaager posibon 3t 12 cm -~ sparger pasitin al 12 em

jon at various

%< holdup, &, and superficial gas
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L

=

¢
; mi
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FIGURE 5 Relationships between the overall volumetric mass transfer
coefficient, k;a and *s.upl:.ri'a.njV quid velocity, U, 5} at various sparger
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Relationship between bubble size distribution and sparger position i

Figure 3 demonstrates the effect of spargegpgsition on bubble size distribution i
where Figure 3(a) shows that, g ras velocity (3.92 cm/s) the
bubble size did not depend g AJ.C which was around 5-¢ :

mm. At high Uy, (9.62 cpndRaoRei )| PS> 1 bubble size with
: B & = dreer position (6 cm)
_bubbles, e.g. in 3
re bubble breakup
YLl those reported
AGhllat, at lower sparger
i TS Vstem than at

occurred at highegsd :
by Zhao and Ge (2007

position (6 cm)g
higher sparger positiog

Overall gas hofTp (gggfin _
Figure 4 describes/{d tvee b HheaNBaldup, ¢, and gas
sparger positiongs gfically foune b ik a1 stems, the gas
holdup increas®d withfSupgt fighaly IGEIEY 2 8% RBY NI, the This figure, ¢, ,
was higher at lowet g e osition provided
smaller bubbles yifich{) oved i tlow e residence time
and holdup in the systgh. fe -y a<

Owverall volumetric fha ;. ans fergoefiy in aifil coMactor

The effect of sparger pagtion erall riciglss transfer coefficient,
kia, is illustrated in Fifure it o | 1 incPeased with an increase
in U,. Similar to the gas holdTNE=h Leer position could enhance the
overall volumetric mass teAfisferboifiion R carlier. at lower sparger
position, therggexisig : b stegemhence, more
surface aru ras-liquid mass transfer #-ypsulted n a

higher gas-liffuidumess

This work illuStrated lhe effect of various sparger position and operating
' parameters on buh 8 dxsmbunon in the lwl ’lu‘llﬁ cunhcmr T hu- study

indj ) 1 cgfi By
in g Y 51 le
siZ rflll 8 ld hel a 5;1 os K.
Slml was ubst.rw,d for the overall voiumctrlc !msq transfer cucﬂ’"u?n!

The dma from this work could bv':ui as a fundamental for the design of Im.
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Nomenclature
: a Specific interfacial area I:n]]f'm}}

Ay Crus»scumm] axeh (-

Co itial dissy el O E": gongentration (mg/1)
ey ; AL F F -

Ah —Diglamer Toyeen [ ossurSITTWEGENtROINs ()
AP v depeippcasprt dif ecn (WO Theasuring

(1/5)

Kazakis N.A., Mouza A Sor it study of bubble

formation at metal forous S Effce Pd properties and sparger
characteristics on the initial b i on. Chem. Eng. J137: 265-
251
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Influence D ¥O riser
rectanguldy as-liquid

separator.\& .9
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Airlift Reac‘ﬁin Gas Enf 3 3 Y Larticle lm
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in a two-dimensional airlift
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