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Abstract

Backmixed stirred reactor bas always been the first choice
eguipment for carrying out gas-liquid reactions,. However,
they may not be the best, mainly because ot the
non—uniform gas distribution in the vessel. Morgover, the
gas—liquid flow behaviour is not clearly understood partly
due to the complex interactions between gas and liguid.
Due to these reasons, a model which can first predict the
internal behaviour of the two-phase flow accurately is
needed. A 2-D experimental rig has been used to study the
gas—-liguid flow behaviour. From photographic evaluations,
valuable insight of the gas-liguid flow in the vessel 1is
obtained. Two models have been tested to evaluate the
experimental results. The models are able to predict the
local gas hold-up, which is ann  important variable to
predict the gas-ligquid flow pattern. The first model is
the simple zones-in-loops based on the gas and liguid
flowing in ioops through a series of eight backmixed rones
in the half 7-D stirred vessel. The second model is a more
complex equal sized square cells network which accommoda-
tes a more realistic liquid flow pattern and thus, a more
successful prediction of the two-phase flow bebhaviour. The
predicted local gas hold-ups are exhibited on a unigque 3-D
spatial map. They display very encouraging predictive
values in comparison with the experimental results. With
improvements in the bubble detection techniques and also
by assuming non-unifarm bubble size the model has a
potential to predict accurately not only the hydrodynamics
characteristics, but also the physico-chemical interacti-

ons .,
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1.0 Introduction

Reactions involving gas and ligquid such as halogenations,
fermentations and bydrogenations are common in industries.
One example is the 1liquid phase hydrocarbon oxidation
where many reactions are often invclved. Typical sthemes
are shown here:

alcohols—acids
hydrocarbons ~———— peroxides T l T l

ketones———— CD2

Gas~liquid reactions are mostly carried out in backmixed
atirred reactors because they are suitable for almost all
reactions, and also, being simple are more economical .
However, the reactor could behave non-ideally and thus the
assumption of no spatial variations in gas and liguid
concentration could lead to a wrong reactor design. ‘he
most common correlations available to calculate important
design parameters such as the average gas hold-up, Eé, and

the volumetric mass transfer coefficient, kla are very

empirical which make them inappropriate for reaction
enginearing calculations. Therefore, It is impartant to
obtain a correct picture on the internal bebaviour of gas
and liquid miring and alse on the mass transfer rates
before reaching a more superior reactor configuration.

Cumpléx reactions such as the one shown above produce many
by—-products with different qualities. The quality is
related to the selectivity toward desired products, and
the by-products can reduce the selectivity. In oarder to
control the selectivity, the interplay between gas and
liquid mixing and the mass transfer in stirred vesaels
must be studied through a more fundamental approach.

This work investigates the internal gas-liquid flow
behaviour in a stirred vessel with air and water as the
syatem. The experimental rig represents the two
dimensional version of a bhalf-tank stirred vessel with
disk turbine impeller. Two theories will be used to
analyze the two phase flows, The first theory is based on
a simple zones—-in-loops model (Mann,1981). The gas and
liquid is picturized to flow in circulation loecps through
a seriea of 2x2 backmixed zones in the upper and lower
half of the vessel. The second theory is based on a more
complex analysis of the gas and liquid flow pattern. The
model envisages the vessel as 2(10 x 10) equal sized
sgquares meant to behave like 200 small backmixed vessels.
The square cells network model (Mann and Hackett ,1988) is
able to accommodate flexible liquid flow patterns i1n &
netwark of cells and to calculate the circulation,
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disengagement ‘and flow of the gas for any mode of
injection.

Gas hold-ups have a strong influence on the performance of
reactore because the gas residence time, interfacial area
and the design volume of a reactor depend on  them. The
experimental local gas hold-ups will be compared
qualitatively with the predicted results. From these
results the gas—ligquid flow behaviour in a stirred vessel
will be more clearly understood.

2.0 Experimental

Several experiments with different air and water flow
rates were carried out to obtain the overall and local gas
hold-ups. An experimental rig was constructed from two
glazing pane= about 11B.0 cm wide, 174.0 cm high and 2.8
cm apart. The narrow space between these panes made it
appear like a two dimensicnal tank. A schematic diagram
is sbown in Fig.1l. The circulatory agitation effects
which simulated the radial flows generated by a disk
turbine were provided by pumping tap water in and out of
the vessel in a closed loop via two connected capper
pipes about 1.1 cm 0.D and 0.0 cm high. These pipes were
immersed into the left-hand =ide of the vessel. One of the
copper pipings was bent into an ‘L " shape to terminate
at a position eguivalent to the tip of a disk turbine
impeller. The other pipe bhad small holes at the end of it
to withdraw air—-water into the ocutput line. The holes were
covered with fine wire gauze to discourage air bubbles
from being sucked by the pump. The "impeller’ was located
mid-way of the ligquid height. Air was introduced to the
vessel through a sperger unit located at 10.5 cm below the
tip of the "impeller’'. The 'L’ -shape air sparger was made
from a 1 m glase tubing with a nozzle attached to its end.
Both water and air flow rates were contrniled by
rotameters, and the corresponding values in m /s were
given by the calibration charts. The air rotameter was a
tube size 7 with float type K while the water rotameter
was a tube size 47 with float type 5. A centrifugal pump
was used to pump the air-water mixture.

2.1 Method

With reference to Fig.1, the experimental procedures are
presented below.

Line 13 was connected to valve 2, V2, before the main pipe
was turned on. Water was filled into the vessel from the
main pipe through V2 and 1line 2 up to three-guarter of
the vessel height. Then (Line 13 was shut off followed by
V2 to form a closed loop of the system. The centrifugal
pump was switched on, and valve 3, V3, waas opened slowly
to let any residual gas in line 2 and line 5 escape
through the top opening of the vessel. When the input
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Fig 1 :Schematic diagram of the experimental rig
1.Valve 1, Vi; 2.0utput line; 3. Valve 3, V3; 4. Sparger
5. Input line ; 6. Liquid rotameter ; 7 *Impeller’ blade
8.Valve 2, V&; 9. Air rotameter ; 10.2-D experimental rig
11.Centifugal pump; 12.Liquid height; 13.Main pipe line

14 .Marked positions to calculate water increment
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line,(Line 5) and the output line,{(Line 2) was free off
any trapped air, the centrifugal pump was switched off.
The water height was adiusted to 130.2 cm either by
decreasing the level through the syphon method or simply
by adding water from the top. Then, the water pumping flow
rate was increased to the desired value. Keeping the water
flow rate constant air was sparged in. For each air flow
rate, a photograph was taken to recard the gas—-liguid flow
pattern and to calculate the overall gas hold-up.

3.0 Overall ga= hold-up calculaticn

The overall gas hold-up is calculated according to the
procedure listed belaow:

1. The dynamic liguid height,HL, for a certain water pump-

ing flow rate without any air Gg=0.0 was photagraphed.

2. At a specific gas input rate air was asparged in. The
dynamic ligquid height under aerated conditions, HU’ T

allowed to reach steady-state before it was photograped.
The liquid pumping rate under a certain gas input
rate, Gp, was recorded.

3. The average heights, ﬁL and H,, were measured at i1l

different positions across the vessel. These positions
were marked as No.14 in Fig.l. The overall gas hold-up, sg

was calculated from the unaerated average dynamic liquid

heiqht,ﬁL. and the aerated average dynamic liguid height,

HCI or,

= ( H-"H 1y 7 H# £qn 1

4.0 Theary

The zones-in-loops model (Mann,1981) is shown in Fig 2. The

gas and liquid flows pump out of the ‘impeller’ region
into upward and downward tlowing streams moving
respectively into the upper and lower parts of the vessel.
The model calculates the lccal gas hold-ups at

steady-state condition by using Egn 2.

s s, Egn.2
. (0} 1-& {0}
i i
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The square-cells model {(Mann snd Hackett,1988) is depicted
in Fig.3 with the (row,column)—-{i,j) convention for
identifying the individual c¢ells indicated on 1it. it
contains 10x20 fixed network of equal sired square cells.
The local and overall gas hold-up is calculated by using
the main programme called TANK {(Hackett,1985}). The input
file consists of the liquid pumping flow rates, gas input
rates, bubble rise velocity, liquid relative velocities
and positions at where the gas is sparged in. The liquid
velocity profile is assumed to be similar to the results
of Cooper et.al s(Cooper, 1968). The liguid velocity 1is
obtained by multiplying the velocity factor (Saidina
Aamin,i19B88) with the relative velocties. The liguid
turbulence factor, is assumed to be 20% in all cases.

For comparisons between the zones—-in-loops model and the
square cells model a specific run at gas input volumetric
flow rate of 2.72 x 10 “n®/s and aerated 1liquid pumping
rate of 9.79 x 10 *m%/s is analyzed. Pic.1 exhibits the
real experimental situation for this run.,

5.0 Example simulation via the zones-in-loops model

Pic.1 is analyzed by the Zx2 zones in the two loops i.e
four zones in the upper vessel and another four zones in
the lower vessel.

The gas path in Pic.l shows that most of the larger
bubbles that are in the upper half of the vessel eithaer
leave the water surface or stay at the water surface. Only
a amall fraction of small bubbles are recirculated towards
the impgller region. Therefore the gas recirculation
ratio, y ,is predicted to be between 0 to 10%X.

About 0% of the air, or gas split ratio B*= 0.9 is
estimated to go to the uppar surface because the lower
half of the veiael is almost devoid of gas., The liquid
split ratio ,a , is predicted to be 30% because the
impeller is situated midway between the liquid sur face.

The local gas hold-up distributions in Fig.4(a} and ¥Fig.4
(b) show that the model is quite successful in predicting
that the local gas hold—up in a backmixed reactor cannot
be unifarm. Zones 2 and 4 contain the highest hold-up in
the vessel. This is qualitatively true because 0% of the
air enters the zone as soon as it is sparged in.

Fig.4(a) assumes that y‘=0-0 or no gas recirculates into
the left-side of the upper vessel. Therefore, the local
gas hold-up in these rones, zones 1 and 3 is zero. The
told-up values are predicted higher in zones & and 8 than
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in zones 5 and:? hecause the downward liquid direction
helps to suppress the air bubbles from moving upwards.

Fig.4(b) assumes a 10% gas recirculation. Now, regions 1
and 3 show that the local gas hold-up iz ¢.88%. The other
zones also show slight increament in the gas bold-up.
Dtherwise, the local gas hold-up distribution shows a
similar trend to the one shown in Fig 4a. The overall gas
hold-up has also increased to 2.4%. Both Eé for conditions

y*=0.0 and 0.1 are below the experimental value of 3.81%

The discrepancies between the predicted and experimental
resul ts may be due to the reasons below. The model divides
the vessel into eight equal backmixed zones but, it
actually considers four equal mixed zones only, beceuse of
the simple upward and downward water flow assumption. As a
result, the model predicts the gas tiold-ups in pairs,
depending on the water flow directions. The model predicts
some gas hold-ups in the lower vessel. In contrast, Pic.1
shows that there is only a slight patch of air bubbles in
the lower vessel which are mostly concentrated to the left
of zone &. By considering only the axial directions, the
model fails to consider that the pubbles heve a high
buoyancy force and the radial water flow helps the bubtbles
move freely in the vessel. The liquid flow also experience
some turbulence as indicated by the water sur face
movement. This is why we chserve, the gas hold-ups are not
evenly distributed in the vessel. The discrepancy is also
partly due to the uniform bubble rice velocity assumption.
The wmodel assumes that the bubble rise velocity is
utz0.235 m/e which is the value for bubble sires in the

range of 3-8 mm. However, Pic.1 shows that there is &
large variation in subble cizes, between the region along
the injected air path and elsewhere in the vessel.

another maodel is therefore needed to overcome these
shortcomings. The square cells network mode! which will be
described in the next section is an improved model to this
one. In this application, it contains 2{10x 10} cells of
backmixed zones and predicts the flow developed by the
agitator as an axisymetric two dimensional flow of liguid
which is divided into 9% circulatory jovops in each half of
the vessel.

5.1 Example simulation via the sguare-cells network mode ]

Fig.5{(a) and 3(b) show the predicted tocal gas hald-up
distributions for conditions applving to Pic.1 by the
square-cells network model. The predicted averall gas
hold-up value differs about 07z from the experimental
value partly due to the fact that =ingle bubble size i=s
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assumed.

The eimulation agrees aqualitatively with Pic 1. For
example, both Pic.l1 and Fig.5(a}) show that there srée no
air bubbles toward the middle of the lower vessel. The
simulated map also shows that the 1local gas held-up
distribution is predicted to decrease towards the vessg)
wall. In accordance to this, Pic.l indeed shows that less
air bubbles are found in the wall region. In the Ilower
half of the vessel, the predicted result represents more
of the actual case. The uniform bubble size assumption
means that most of the air bubbles possess velocities that
are greater thamn the radial and axial water velocity. The
buoyancy force in each bubble helps it flow upwards into
the next row of cells, toward the liquid surface.

One of the shortcomings about the model is its inability
to incorporate the strong water radial force flowing out
of the impeller. This could be due to the liquid velocity
strength which is under predicted by the model. From
Fig.5(a) and Fig.5(b), the model predicts that the highest
local hold-ups are in the cells where the gas is sparged
in, at cells I=4,J=10 and 1=4,J=11. But, Pic.l shows that
the air is swept to the right towards the vessel wall hy
the water flowing out of the impeller. Therefore, the
model should predict a high hold-up in I1=5 and I=6
instead.

Fig.%({a) shows that in the upper half of the vessel, the
local gas hold-ups deciine rapidly as the radial outflow
approaches the vessel wall. This is partly because there
is upward co-current flow of gas and liquid in this
region, and alsc partly because only a small proportion of
the gas leaving the impeller is actually predicted to be
dispersed as far as the wall.

In contrast to Pic 1, Fig 5.{(a) shows that the gas hold-up
is low in the downward ligquid flow near the shaft of the
impeller. Pic.l1 shows that the bubbles are gsmall in this
part of the vessel. Since one of the assumptione Iis
uniform bubble size distribution, the model does not take
into account the dowhward water flow that could suppress
the smaller and slower bubbles. Hence, it predicts that
most of the air bubbles of uniform size flow upwards and
do not recirculate towards the impeller.

Fig.6{(a) and &(b) show the simulated results when the
bubble rise velocity is reduced by 40% to U, = 1.35 m/s

which means the bubbles sizes are assumed to be in the
smaller range. The predicted overall gas hold-up, sg, is

3.25% which is now closer to the experimental value of
3.81%. The local gas hold-up distribution still shows the
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same trend but the values have become higher in all cells.
Fig.b6(a) also shows a more distinctive gas hold-up than
Fig.5(a) in the region near the wall confirming the
presence of smaller bubbles. Interestingly, Fig.é(a) and
(b} start to indicate the effect of gas coalescence by
showing that gas hold-ups are no longer concentrated in
column 1=4 only, but also in columns I=% and I=6. Fic.l
shows that bigger bubbles are found in the fresh air path.
The bigger bubbles actually conszist of millions of amaller
bubbles which is why the model is now able to predict
better gas hold-up values for this regioen.

Fig.7(a) and 7(b) simulate the conditions for Pic.l1 at a
very low bubble rise velocity of 0.033m/s. The whole upper
half of the vessel indicates tracers of air bubbles. About
three—quarter of the lower vessel including the tank base
display some gas bold-ups although they are mostly
concentrated near the wall or at cell 1=10.

With the exception of the predicted results calculated for
the Iower vessel, the simulation in Fig.7{(a) ie the
closest to the experimental situation in Pic.l. The region
near the impeller shaft shows distinctive local gas
hold-ups at columns 1=1,7,3. This indicates that 1in this
region the bubhles are small and so, they possess slower
bubble rise velacity. Fig. 7{(a) also exhibits that gas
hold-ups decrease towards the vessel wall. Near the
impeller region but at midway position of the vaccel ulg
columns I=4,5,4,7,8,9,10 and raw J=10 the map displays a
slight indication of bubbles coalescence, because of the
decreasing hold-ups along the I columns. More importantly
Fig.7¢(a) shows that this model has a very high potential
to represent the real situation if only it can incorporate
the bubble size distribution.

&.0 Conclusion

The simple zones-in-loops model is inadequate to predict
the gas and liguid flow behaviour in a stirred vessel.
because of the simple downward and upward water flow
assumption.

The square-cells-network model is more superior than the
simple model. It predicts a more comprehensive water flow
structure by incorporating the 1liquid 1lateral exchanges
and the radial flows. The lateral flows betwean adiacent
cells is an important measure for describing the mixing of
gas and liquid in the vessel. The model has a potential to
simulate the flow behaviour more realistically if oniv it
undertakes the different bubble sizes in formulating the
mode] .

1t should be emphasized that one e the gas and Tiguid
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Fig 7 : Local Gas Hold-up Distribution for U, = 0.035 m/s



bhehaviour is properly described, other important
properties will follow directly. For instance, the
gas-liquid mixing rates will be predictable. The 1liquid
phase mixing characteristics and the gas phase RTD can
both be independently predicted. In addition, the surface
areas and local mass transfer coefficients will be
obtained implicitly. Most important of all these will be a
proper basis for the rational calculations of gas-liquid
behaviour soundly based in the pyhsical realities of the
gas—liquid ¥low. :
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8.0 Nomenclature

Unaerated dynamic liquid height HL
Aerated dynamic liquid height HO
Bubble rise velocity U,
Superficial gas velocity Ug

b |
superficial liquid velocity U
Local gas hold-up £
Average gas hold-up : Eé
Computer Terminolaogy %
Volumetric gas input rate,m /s GRATE
Average gas hold-—up EGMEAN
Velocity factor VELOCEITY FACTOR
Bubble rige velocity UB INF
Sparger paosition 1 SPA POS1
Sparger position 2 8PA POS2
Bubble wmize BSIZE
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