CHAPTER 4
RESULTS AND DISCUSSION

4.1 Flow regimes in airlift contactors

The effective operation of airlift contactor particularly in biochemical applications

depends significantly on the flow regime in the contactors. One of the reasons for this

is because the behavior of bubbl varies according to the flow regime.

Figure 4.1.1 illustrates the flow re iquid contactor as a function of
superficial gas velocity. W 2 - & gas throughput increases, the
fraction of gas in the con s and this-leads to a smaller contacting area
between gas and liquid ' - ons, the ideal system would
be those that have the d liquid which will facilitate
the mass transfer rate anisms. Therefore the most
suitable flow regime for yubbly or churn flow regimes

In bubbly flow regime, g he system. The size of bubble
is the smallest, and accordi (2002), bubble size in this flow
regime ranged between 0.5 - 6 esirable to operate the system closer
to churn flow reglmafs this frow ore turbulent condition
which also enhances ‘V 1ass Hquid. However, the size of

bubble will be larger t@x tha ubb@ flow condition. Bubbles in
the system with this flow Fg‘ne often have * cap > shape and move at high velocity.
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This experimentgyas conducted to mvestlgate the flow regime of the contactor with

sea wat ﬁ ﬁ d in sea water
always ama ﬁ;ﬁj mjlm 0 mﬂbi hlch made the
measurement for bubble size difficult. Hence, for the sake of simplicity, the flow
regime in this system was divided into two main categories. The first category was
when the gas throughput was small. In this regime, only bubbles in riser were
observed and the liquid velocity was not adequate for dragging the bubbles down the

downcomer and this is called “No gas entrainment regime”. As the gas velocity

become higher more bubbles were dragged down the downcomer and the presence of
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bubbles in the downcomer became apparent, this regime is called “Gas entrainment

regime” (See Figure 4.1.2).

Note that the range of superficial gas velocity employed in this work was controlled

so as not to operate the contactor above the churn condition.

Let us define “critical superficial gas velocity” or “ug, .” as the velocity when the flow

regime in the contactor change

ithout gas entrainment” to with “gas
entrainment” regimes. The ] Cs could then be summarized as

follows: 9

.—-“’\5

AdA M{‘f’?ﬂﬂf\\\f\ /s) (sw30 and sw45)

16.55

261 NNy

1.79

1.21

This experiment was carried u h AglA; of 16.55, 2.61, 1.79, and 1.21,

when the salinity level varied 'm 0, 15

e .5“';1&, )
critical gas velocities, for ith air- nd air-sea water systems were
it Aj/A, of 16.55 where no gas
ange ofag examined in this work. As

bubbles in air-sea water §.ystem was observed to be smaller (detail in the next section),

it was antlclp ﬂ?‘lﬁ inE fs]ﬂﬁ be smaller. This was
because the presence o bles m the downcomer occurred only when the liquid

e AT e

down into the downcomer. However, this was only apparent in the system with Ay/A,

),.45 ppt. From visual observation, the

found to be in the »i.:,;v;.tjg excen

entrainment was obselﬂd at a

;D

of 16.55. It was believed that this unexpected results took place as the equipment did
not allow fine adjustment gas velocity and the critical velocity might have lied within

the velocity range that could not be manipulated.
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4.2 Hydrodynamics in airlift contactors

Hydrodynamics is important in the design of airlift contactors as it controls the
behavior of the system both in fluid dynamics and in mass transfer. Hydrodynamic
parameters include gas holdups, liquid velocity and bubble characteristics. Gas holdup
is the gas fraction in the system and in the ALC system, gas holdups are not
uniformed but vary according to the location. Generally, there are three major gas

holdups i.e. gas hold ups in overa ise in downcomer. Liquid velocity is one

of important hydrodynamic param ~' ) generally controlled by the gas

' @ also depends significantly on

the location in the syst liquid velocity in the ALC,

that is riser and down elocities must be related by

the mass conservation

(4.1)

A, riser cross sectiona

A downcomer cross sectional area (cm’
a @)
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This research invéstigated the effect 9f salinity (Oﬁ ppt), ratio of éd.?wncomer to riser
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these hydrodynamic parameters.
4.2.1 Gas holdup

4.2.1.1 Eﬁ’ect of salinity on gas holdup
Salinity changes the physical properties of liquid phase (See Appendix B) resulting in
the varying bubble size. Bubble diameter is known to be controlled by the surface

tension and the interaction between each bubble. Some might be more detail by
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considering also gas holdup in the gas-liquid separator section. In this work, however,
gas holdup in the gas-liquid separator (the top part above the draft tube) was not taken
into account. This was because this section only possessed small fraction of the entire
volume of the contactor. Hence, the gas holdups of concerns in this work only
included that in riser and downcomer, and overall gas holdup was the sum of these

two holdups where the relationship between these gas holdups can be expressed as:

(4.2)

(4.3)

vater and therefore bubble
expe S.in fresh water. Additional
experiments were cangd vestiga € effecta‘ salinity on bubble size. A
small bubble column was'operated with thegsame sparger as used in the ALC and the

pictures were ﬁ%&b@%@lms@w @ﬁ;}tﬂ%bservaﬁon for bubble

diameter. The ré8hlts as shown in Fgure 421 1n'(li=1.<‘:ated that, surwsmgly, increasing

salinity:gl \ermﬂﬁsmﬂlwq Tg;sﬂxﬂ Gqcadﬁlto the effect of

hinder coalescence in the sea water. (Prince, 1990) Although liquid with higher

surface tension could theoretically accommodate larger bubbles, high surface tension

also prevents bubbles from coalescing. As the sparger employed in this work
generated small bubbles, these bubbles tended not to coalesce and therefore systems
with sea water (sw15, sw30, and sw45) were found to have small bubbles with similar
size at 0.5-1.5 mm, whereas the system with tap water had a slightly larger bubble at
1.7-2.0 mm (Figure 4.2.1)
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Figures 4.2.2 - 4.2.5 are a series of experimental results on gas holdups. In these
figures, “w” represents “water” whereas sw represents “sea water”. The number after
“sw” indicates the level of salinity which is 15, 30 and 45 part per thousand (ppt),
respectively. It is clear from these plots that the overall and downcomer gas holdups

increased with increasing salinity level.

4.2.1.2 Effect of gas velocity on gas holdup

W T yial gas velocity meant that more
M of downcomer to riser cross

»ecolumn and this was reflected

gas flow was added into thé"
sectional area. Thus, th
in the higher gas hold

rate would lead to a

2) reported that high gas flow

inlair-water system). As small

bubbles move at a slow, ble breakage led to a higher
contact time of gas bubh at any specific time. To put it
more simply, higher g d to smaller bubble size and this
resulted in longer residence t . This was one of the reasons
why larger gas holdup was obs’e@&m, ’ s at high ug. At a very high u,,, the
gas holdup seemed to reach a&}%ﬁ?ﬁi 7 ous with the system with Ay/A, =
16.55). As the densifs pbbles bec \ igh, bubble coalescence

played an important ri
|
regime where the bubb

'_m started to enter the slug

C size was extremely large (perfiaps close to the diameter of

B 1tk 1) (1) (10 Attt

4.2.1.3 Effect of ratio of downcomer fo riser areaston gas holdup &/

AL KB G Q1L i Tlaf XYW
among on% of the most important design parameters. This parameter is known to have
marked influence on the behavior of the ALC. Often, larger riser or sméller Ad/A;
should result in more gas fraction (or gas holdup) in the contactor. In this work, this
statement was re-confirmed. The experiment in fresh tap water was carried out and
the results are displayed in Figure 4.2.6. In this figure (and in the following figures
too), the notations DT1 to DT4 stand for the ALC with A4/A; of 16.55 (DT1), 2.61
(DT2), 1.79 (DT3), and 1.21 (DT4). Overall and downcomer gas holdups were found

to increase as Ag/A, decreases. In other words, the highest gas holdup was obtained in



34

the system with A4/A; of 1.21 and the lowest with A4/A; of 16.55. Riser gas holdup,
however, did not follow the same trend. It should be reminded that the comparison
between ALCs was done at the same us; and us; was measured with respect to the
riser cross sectional area. Therefore, although the various ALCs were with different
A4/A;, the flow of gas in riser was at the same velocity. Hence, the gas holdup in the
riser was anticipated to be within a similar range. Figures 4.2.6 - 4.2.9 illustrates that

this statement was somewhat reliable as the gas holdup in the four ALCs were more

or less in the same range. @W// /

4.2.2 Liquid velocity ---"

—
/ _
4.2.2.1 Effect of salmz/

Liquid velocity is o

parameters. In the batch

system, liquid velocit idduc 1 by -‘ : ergy transfer from the gas

bubbles in the system induced from the difference
between the fluid densiti The properties of liquid phase
should have a significant r velocity in the system. In this
case, salinity in sea water alter -- on and density of the liquid, and this
was shown to have 1nﬂuenced“bﬂ§“3f€§ size dups.in the system. Therefore it

design and operating pe ater might not be the same

as in the air-water gstem This aspect of sea water and liquid velocity was

st ‘“ﬁ‘ sﬁ“ﬂ”.] Ny ‘ﬁ NEIN?
AT SRR A

velocity i m the air-sea water be smaller than in air water system. However, the result
demonstrated very scattering data and the effect of salinity on the liquid velocity was

not clear and could not be concluded at this point.

4.2.2.2 Effect of gas velocity on liquid velocity
Increasing gas velocity means adding more gas into the system. This is also
equivalent to adding more energy into the system. Therefore, with more

energy/momentum transfer from gas to liquid, an increase in liquid velocity was
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obtained as shown in Figures 4.2.10 - 4.2.17. Interestingly, liquid velocity in riser was
found to linearly increase with superficial gas velocity whilst downcomer liquid
velocity seemed not to be significantly affected. This should not be possible as
downcomer liquid velocity should follow riser liquid velocity to satisfy the mass
conservation principle. To verify this result, a simple calculation was made to check
the existence of mass conservation between riser and downcomer. According to the

mass conservation principle, the mass or volume flow of liquid in riser must be equal

to that in downcomer or: g g!' ,///

(4.4)
or (4.5)
Figures 4.2.10-4.2.17 n the volume flows in riser
and downcomer at v t Ag/A;. It was clear that the
volume flow in downco at in riser. The liquid velocity
measured by the color trace eglimmge present the velocity of the portion
of liquid moving downwards. - T area of downcomer for this liquid

-

portion was smallel;han‘! calculation in Eq (4.4) was
not accurate. Similafly : ' hEre must exist local liquid

circulation in riser and|the ca quid ﬂow.mx riser in Eq.(4.5) was over

estimated. More experimpxﬂnust be carried,qut to identify this local liquid circulation

in this ALC ﬁ %ﬂ:@nﬂﬁ] %v%%%ﬂcﬁm (2002) should be

consulted for thisladditional expenm‘;nt

4.2.2. 3%ect of ra@ wn?or;tlJ a;eJa yr:slr’agreY])nEle :]d@elogzlty

The ratio of riser and downcomer cross sectional areas is an important factor defining
liquid velocity. Figures 4.2.14 to 4.2.17 illustrate the effect of Ag/A; on liquid
velocity. In these figures, DT1 represents the system with Ag/A; of 16.55, DT2, A4/A,
= 2.61, DT3, Ay/A; =1.79, DT4, Ag/Ar =1.21. Large Ay/A, meant that the cross
sectional area of riser was small in composition with that of downcomer. In this case,
bubbles became were dense and there was more interaction between gas bubbles

which might lead to bubble coalescence. As a result, a larger bubble size was
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obtained. This large bubble moved at higher velocity and therefore induced a faster
liquid velocity. In the system with small A4/A;, on the other hand, less bubble
interactions in the riser caused less bubble coalescence and therefore bubble size

remained unaltered and small. Consequently, less liquid velocity was observed.

4.3 Overall gas-liquid mass transfer in airlift contactors

(4.6)

Y e f':‘l- ¥ . ]
A interfacial gas-lig .‘mu ca (6m?)
AC concentration differ: : \g 4 (g/cm3)

o= i,
. e

AC usually cannot bg ihanipi

Slcquilibrium in the gas-liquid
and the consumption & y nicro organis 10rea®3rs). It is general to focus on
the mass transfer coeffieignt and area ingthe design and control of such system.

However, proﬁrFHaHa{% qq ﬁltﬂ @Wﬁq ﬁ %ss transfer area, and

therefore the ov@fall volumetric mas‘s transfer coefﬁc1ent (kra) was 1ntroduced

Q‘MMﬂiﬁu NWTW]EHGEI

4.7)

where: a is the specific area or the mass transfer per unit volume of the dispersion and
kra can be measured using the dynamic method (Wongsuchoto, 2002). In this method,
it was assumed that the system was homogeneous. However, the ALCs employed in
this work might not fit with this experiment. Hence, the measurement for dissolved
oxygen (DO) in the contactor was performed at several locations to check for its

consistency. The results indicated that local k;a at various location in the contactor
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varied within £10 %. This small variation suggested that the dynamic method could

well be used in this system.

4.3.1 Effect of salinity on overall volumetric gas-liquid mass transfer coefficient
Figures 4.3.1 - 4.3.4 illustrate that k,a was higher with the sea water in the liquid.
This could be described as the effects of the increases in both specific area and the

overall volumetric mass transfer coefficient.

Sections 4.2.1.1 and 4.2.2.
in Table B-1(Appendi

increased when salini

affected liquid properties as shown

ecif allw surface tension and viscosity
' tion could accommodate larger

% as found to be smaller than fresh
\ e of component in sea water.

9. \“ th \x em. The bubble size was also

small with the additiondof gal @ ?
ﬂ\la-l 4

bubble. However,
water and this w

Salinity was found

m with sea water should have high

mass transfer area. &

...w:. /

. . f el b= . .
From visual observation, &#5}.!515:[ ¢ spherical in shape and some were
ellipsoidal, so the equiva ‘ nust be calculated where:

ja

]B ‘ m (4.8)
where dj theﬁ : e‘ﬂ‘ﬁt’ﬂﬁ”w EI ’] ﬂ ‘j

the th s1ze 0 bubble (mm)

QW*T‘EQW"?WWTJV]EH@EI

Interfamal gas-liquid mass transfer per volume can be calculated from:

2
area of bubble =4x iy 4.9)
2

and the total mass transfer area is:
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4, = N,{47r(d7”) ] (4.10)

where N, is the number of bubbles in the system.

Hence, the interfacial gas-liquid mas sfer area per volume, a, can be calculated

from:

(4.11)

since

(4.12)

where V;, bubble volum
V' system volume

Substituting ¥}, by thete id. (4.12) leads to:

)

.‘i 4 (1 iF

DERLE i B
YRR M Inga Y

e (4.14)

Substituting N/V from Eq.(4.14) into Eq. (4.11) gives:



39

- (4.15)

As the bubble size and gas holdup changed with salinity level, “a” in the ALC at

various salinity levels (information from DT3) could be summarized as follows:

dg (mm) e(-) a (1/mm)

Usg b

(cm/s) w swiS5 sw30 swd5 w .y sw4s  w swi5  sw30 swd5
21 400 110 020 1.27 ( 0.04 0.04 018 020 0.19
3.1 489 160 014 1.26', 004 0.0 : 005 0.05 018 0.14 0.26
4.7 495 363 0.12 0.06 ( 007 011 012 0.3
6.2 3.00 339 0.13 08 0 014 013 043 0.15
8.0 404 309 0.7 08 .0:09. 0 011 016 017 0.18
9.6 482 278 0.21 \ S:{\\ 011 019 021 027
120 375 262 0.26 0 \ 016 023 0.26 0.30

k. \\\\ stem with sea water was

compared to that with water. dt i§ ge @ \’\ \ it “k” is a function of Sherwood
number (Sh), Reynolds \ ber (Sc) where:

Next, the mass transfg

(4.16)

or:

(4.17)

M 1Y ?Vfﬁf N ?quﬂbl —,
R8N T0d IANEISY

k, a (3) s L (4.18)

where d, bubble diameter (m)
p  density (kg/m?)
M Viscosity (cp)
D  diffusivity of gas or solute in liquid (m’s™)
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v velocity (ms™)

“a” and “b” were reported to vary between 0.3-0.6 (Wongsuchoto, 2002) depending

on the flow condition in the reactor.

As “p” of water and sea water did vary significantly with the lowest of 997 kg/m® and
the highest of 1047 kg/m’, the effect of the variation in p to &, was assumed to be

negligible. Similarly, “4” varied,only in/asnarrow range with a span only from
0.95(water) to 0.99(sw45) '
Therefore k; should depe
higher ;. It was expec

of x4 on k; should be negligible.
a smaller d would result in a
was higher than k; in water
should be higher than that
sed to be higher with salinity
the case. In Ay/A; of 16.55, the

system. Thus, theoretica
in the air-water syste

level. However, experig

the bubbles in waterﬁ'ere lm‘gé‘/ ﬁn* more turbulent condition
was usually observed Q3n=the ALC. This meant t ang ysis using Eq.(4.18) was

-—
“ "

not accurate as ould not be the same. To

characterize this flow condltlon additional expenment must be carried out to have a

better statlstlﬁ[ulﬂ 63 ﬂ ﬁwﬂ% 'I'Tﬂ Gjremamed here as a

recommendati

152 etk NI U ANLIRL. o

The effect of gas velocity on overall volumetric gas-liquid mass transfer coefficient
is illustrated in Figures 4.3.1 to 4.3.8. The result shows that k;a increased with an
increase in superficial gas velocity. However, there seemed to be a region where these
was a drop in kza. This often occurred at g, of approx. 5-8 cm/s.(except the case with
Ag/A; of 16.55 where a drop in ka was not observed). This phenomenon
corresponded well with the time profile of riser gas holdup in Figures 4.2.i. At

approximately the same range of superficial gas velocity, a drop in riser gas holdup
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was also apparent. The actual reason for this drop could not be explained at the time
of this experiment but it was expected to be due to the change in the flow regime in
the contactor. At low gas throughput, the system should be in the bubbly flow regime
where there was a well distribution of small air bubbles throughout the contactor.
Bubbles size was small as coalescence was prohibited due to high surface tension. As
more gas was added into the system, the contactor entered a turbulence or churn

turbulence regime where bubble coalescence became more significant. This increased

possible, therefore, to g st of t 12 ansfer took place in riser.
Considering a comparisé | figures 4.3.1, this conclusion

became more apparent i e ALCs with various salinity

4.3.3 Effect of ratio of downge i .-y on overall volumetric gas-liquid

mass transfer coefficient

ce which led to a smaller

other hand, small riSeEIpre 1 mﬂ
mass transfer area. A

0 in the ALCs with small A,, Tess gas was supplied to the
system at the ‘1? , i “JW t parison based on the
same supcrﬁci@lllaci ﬁ\mﬁx aﬂnﬁsfer coefficient. This
was illustrated in Figures 4.3.5-4.3% where a re@uction in k a btained in the
e AN T 3 CU S TINE TR 8

9
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Figure 4.2.1 Comparison of bubble size with various liquids
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