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A unique blend of theory, modelling, intuition and intellectual empiricism has
resulted in a rational basis for the design and modification of bubble columns and
mechanically agitated contactors, for two and three phase systems. It is ironic that an
overdesign of mass transfer equipment can result in a poor performance.

Selectivity for the desired product can be considerably improved through novel
strategies which include a changeover from a single phase to multiphase svstems,
manipulation of mass transfer coefficients, mode of operation of equipment, etc.

New methods of separating close-boiling acidic or basic substances through
innovative regenerative dissociation extraction and adoption of hvdrotropes have
been evolved.
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INTRODUCTION

RESEARCH in engineering sciences has considerably different perspectives than in pure
sciences. The stimulus is generally provided by real problems inindustry. However, we
should not get too close to the manner in which the industry typically handles problems
as there is a real danger of the art of practice taking over the sound theoretical
considerations. We should remember that the art of practice is sterile without theory.
Further, empirical correlations have serious limitations when it comes to extrapola-
tions. In most cases there are no set procedures to combine fluid mechanics with
reaction kinetics.

Invention refers to a novel idea that works; innovation refers to the successful
utilization of inventions in the economy. Innovation engineering refers to the method
applied in innovational work and is essentially done by blending theory, modelling
(done with sound instinct) and intuition with experiments. It is important to have a
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high degree of reliability and intrinsic safety in designs. The cost of overdesign is high
and ironically, as shall be pointed out later, in the chemical industry, can lead to poor
performance, unlike the case of, for instance, civil structures.

Equipment-oriented research has received scant attention in India in spite of its
crucial importance. We were inspired to look into the rational basis of gas-liquid,
liquid-liquid and gas-liquid-solid reactors due to their great importance and challenges
offered. It was hoped that an examination of the fundamentals may well lead to not
onlv a sound basis of design, but also to innovative designs. We then argued that we
might be able to adopt different equipment, sometimes with a different mode of
operation or with some modification, to realize higher rates and/or selectivity. Many of
these concepts in retrospect look simple but required imaginative thinking and
inspired tinkering.

Nomenclature

a Interfacial area, m2.m—3
D, Liquid phase axial dispersion coeflicient, m?.s!
Dy  Solid phase axial dispersion coefficient, m2s~!
Gravitational constant
Wall heat transfer coefficient, kW.m—2.K-!
H  Column height, m
k,  Constant in equation (2)
k,  True liquid side mass transfer coefficient, m.s™!
k,a Mass Transfer coefficient, s~!
ki, Wall mass transfer coefficient, m.s™!
kg, Solid-liquid mass transfer coefficient, m.s~!
Critical impeller speed, rev. s™!
r Radial co-ordinate, m
Re  Reynolds number
T Colunin diameter, m
r.m.s. Fluctuating velocity, m.s™!
Centreline velocity, m.s.™!
V.  Average liquid circulation velocity, m.s™!
Vi Superficial gas velocity, m.s™!
V,  Superficial liquid velocity, m.s™!
Vs Particle setding velocity, m.s™!
z Axial co-ordinate, m
€, Fractonal gas hold-up

€, Fractional liquid hold-up
w  Vorticity
¥  Siream function

#,  Density of liquid, kg.m™*
#, Viscosity of liquid, Pa.s



FORAYS INTO INNOVATION ENGINEERING 3

BuBBLE COLUMNS

Bubble columns, where gas is sparged in a poo! of liquid without mechanical agitation,
are widely used in industry because of simple construction and the ease of operation
{Fig. 1A). For a rational and reliable design of these deceptively simple equipments, we
started a svstematic study in 1966.! It was shown that the value of mass transfer
coefficient (k,a) and effective interfacial area (a) are practically independent of the
column diameter and column height over a wide range of operating conditions at a
specified superficial gas velocity. These conclusions have remained essendally valid
even after twenty vears of extensive research in this area throughout the world. Another
important observation was that the presence of small amounts of adventtous
impurites changes the values of a and k@ markedlyv. In view of this observation, it was
rccomimended that some experiments should be carried out in a small scale apparatus
> 130mm diameter) using real svstems. The scale-up can be done on the basis of the
same superficial gas velocity. However, it became obvious to us at an early stage that a
lot of mnovative work was requxred and, till to date, further work is in progress bv my
ersiwhile collaborators.

BAckMixING IN LiQuip PHASE IN BuBBLE COLUMNS

A knowledge of liquid phase backmixing is crucial in the design of bubble columns.
This problem was analvzed on the basis of first principles.? 3 The ratio of volumes of
reactors required fora hlgh level of conversion (say, > 98%) of the liquid phase reactant
with complete backmixing vs partial backmixing can be as high as a factor of five and
this has serious implications in practice when we refer to reactors of over 2m in
diameter and over 8m high which may well be operating under elevated pressures. The
cost of unnecessarily large equipment may prove to be very high and the height may be
unwieldy; problemis get further aggravated if the equipment is glass lined.

For an axisvmmetric case, vorticity (w) in an inviscid fluid is given by the following
cquation :

1 /3% N 1
= - — —_— 4 — —_— —
v r (022 ar? r odr > )
b w
were7=k2¢/ o0 2)

The boundary conditions are :

v=0atr=0andr = T2 ... (3)

I
It

v=0atz=0andz = H ... (4

In the case of sparged contactors, visual observations indicate the existence of
muluple cells (Fig. 1B). The height of each circulation cell was decided upon the basis of
minimum vorticity and works out to be 0.8 times the column diameter.
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Fi¢ 1A Schematic Diagram of Bubble Colunm. F1G 1B Multiple Circulation Cells in

Bubble Column

For the latter case, the solution of equations (1) to (4) gives the following equation
for the average liquid circulation velocity :

€ 173
VC=1-31{3T{VG‘€_GVL_GGVS}} . .. (5a)
L

Equations (1)to (4) are for inviscid fluid. The problem of liquid circulation was also
solved for a real situation where the diffusivity dominates the momentum transfer.

Revnolds equations were solved with the £- ¢ model of turbulence. The following
equation was obtained for the centreline velocity :

€ 1/3
Va=l.04{gT[VG-€—GVL—eGVSB + VL ... (5b)
G

where the +/— signs indicate co-current and counter-current flows, respectively.

The values of liquid circulation velocity are very high (0.2 to 8m/s) and may even be
three orders of magnitude greater than the net superficial liquid velocity. This explains
in a rational way the high degree of backmixing and also the high values of mass and

“heat transfer coeflicients in bubble columns.
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For a single phase pipe flow, Taylor* has given the following equation for the axial
dispersion coefficient (Re = TV, #;/¥; = 10,000):

D,=025TV, TS

Joshi and Sharma> and Joshi® analyzed available data on the liquid phase
dispersion coefficient covering a column diameter range of 0.1 to 5.5m. The following
equation was obtained :

D,=029T (V. +V,) T

In subsequent vears, equation (7) was also found to hold for three phase reactors,
gas-solid fluidized beds and spray columns. A remarkable feature of equation (7) is
that, in the absence of bubbles and no liquid circulation, it asvmptotically predicts the
behaviour of single phase pipe flow.

The solid phase dispersion data were also analvzed on a similar basis and the
following correlation was obtained :

Dy=029 T (V, — V), (8
where Vs is the particle setding velocity.

Allthe correlations published in the literature were essentially emipirical. These did
not consider the possible variations in the gas hold-up due to the changes in the
phvsical properties, effect of active reagents and the sparger design. The use,of these
empirical correlations for large size columns, and outside the specific domain of
operating parameters used in the original work, can lead to vastly different values of D,
than the ‘real’ figures. We believe that the prediction of backmixing in different types of
industrial columns, from first principles, was pioneered, with a measure of success, by
our group. These are probably the only industrial contactors where axial dispersion
coefficients in different phases have been predicied with some success. Further, these
predictive procedures are unified in nature. These hold for the most complex case of
three phase sparged reactor as one extreme and the simple single phase pipe flow as an
other extreme. Scale-up of axial dispersion coefficients by simple procedures is not
tenable.

HoR1ZONTAL SPARGED CONTACTORS

Some of the drawbacks of bubble columns include very high pressure drop and intense
backmixing in the liquid phase. In order to reduce the severity of backmixing and vet
retain the imporiant advantages of bubble columns, several innovative designs have
been suggested. The first one is a horizontal sparged contactor shown in Fig. 2.2 In the
case of horizontal sparged contactor, the multiple cells are in the horizontal direction
which are non-interacting. As a result, the extent of axial mixing is reduced by a factor
of 3 to 4 as compared to the conventional bubble columns. This advantage is achieved
without any significant loss of gas-liquid interfacial area (a). In fact, the values of a in the
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horizontal sparged contactor can be 100 — 200% higher than in bubble columns at the
same pressure drop. Horizontal sparged contactors exhibit low pressure drop because
of the low hydrostatic head.

For the case of oxidation of aqueous Na,$, as encountered in the paper industry,
the superiority of horizontal sparged contactor can be demonstrated. For the case of air
oxidation of 100 tpd of Na,$ (12kg/m*), 96% conversion of Na,$ and 200% excess
oxygen, it was shown that the gas compression encrgy in the case of horizontal sparged
contactor was seven times lower than that in bubble columns. In this case, the degree of
utilization of oxygen from air is not important. Horizontal sparged reactors are now
employed in air oxidation of p-xylene (+ methyl p-toluate), as a step in the manufacture
of dimethylterephthalate (DMT). We have played a role in bringing out the importance
of this relatively simple innovative variant of sparged reactors.

~ The horizontal sparged reactors are not satisfactory when a high level of conversion
with respect to the solute in the gas phase is required.

SECTIONALISED BUBBLE CoLuMNSs

The second innovative design is the sectionalised bubble column. It consists of radial
baffles as shown in Figs. 3A and B. An optimum design of the radia) baffles, on the basis
of minimum vorticity of the circulation cells, was predicted.5 This was an idea based on
a sound principle with a lot of practical implications. After a lapse of a few years,
experimental work has shown that the sectionalised bubble columns have 8 to 4 times
lower extent of axial mixing as compared to bubble colunins, under otherwise identical
conditions.” The predicted optimal design of radial baffles has been endorsed by
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experiments. In particular, a key feature was that the optimal opening of the radial
baffles should be 0.71 times the column diameter and a diameter greater than the
above value will result in a pronounced increase in the extent of backmixing. Thus, an
uninitiated person might propose a design with substantial shortcomings.

The inspiration for sectionalised bubble columns came from the 120 vear old
Solvay process for soda ash where carbonation of ammoniated brine is carried out in
such reactors. Here solid particles are also encountered and this aspect is covered
elsewhere. The basis of closer spacing of baffles is now amenable to reasoning. This
concept has also been utilised in a very imaginatdve way by modifying baffles in such a
way that a heat transfer fluid can be passed through the baffles thereby overcoming the
heat transfer problem. An innovatve design of an oxidation reactor in industry was
arrived at by a former pupil of the author based on his doctoral thesis and the company
publicly acknowledged handsome gains due to the adoption of this reactor which
resulted in higher selectivity at a lower energy cost.

Loopr REACTORS

Yet another inngvative design is the loop reactor (Fig. 4). In this case, most of the gas is
sparged in the downcomer leg and a small quantity is sparged in the riser leg. Since the
downcomer sparging location is at a higher level, the hydrostatic head above the
sparger is less and the pressure drop can be reduced by upto 80%. The average density
in the downcomer leg is maintained higher than that in the riser leg. This density
difference forms the driving force for liquid circulation. The flow patterns in loop
reactors have been analyzed.® The optimum location of the sparger has been suggested
which results in values of effective interfacial area which are 2 to 3 times higher than
those in bubble columns. An optimum area ratio of riser to downcomer and optimum
height to diameter ratio have also been suggested. The optimum design configuration
for interfacial area need not be optimum for some other design parameter such as the
heat transfer at the wall or the liquid phase mixing. For the latter design objectives,
optimum configurations have been suggested.? The ioop reactors have vet another
advantage. Though the gas is sparged at a level of low hydrostatic heads, the gas passes
through the region of high hydrostatic heads because of liquid circulation. This feature
enhances the rates of mass transfer and these can be as high as 3 to 4 times as compared
10 those in bubble columns. This advantageous feature is used for waste-water
treatment by biological oxidation and for protein fronm: methanol as a substrate. In the
case of waste-water treatment, the loop reactor has been referred to as the deep shaft
aerator. The extent of axial mixing can be reduced bya factor of around ten by properly
selecting the area ratio, height to diameter ratio and the location of spargers.

An important advantage of the loop reactor is in terms of shear stress levels.
Because of directed circulation, the intensity of turbulence is 8 to 4 times lower in loop
reactors. This results in low values of turbulent shear stresses and makes the loop
reactor attractive for the cultivation of shear sensitve biologically active cells. Based on
the principle of the loop reactor, a new three phase biological fluidized bed has been
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developed which segregates the regions of oxygen absorption and the biological
reaction. This design permirs the optimization of gas absorption and stress levels
simultaneously. Further, the modified design is 2 to 3 tmes energy efficient with
respect to the rates of oxygen absorption.

DESIGN STRATEGIES FOR BUBBLE COLUMNS

The design of bubble columins can perhaps be further optimized. It is known that the
homogeneous regime of operation is awractive as compared to the heterogeneous
regime. This can be achicved by properly designing the sparger; 4-5 times higher gas
hold-up has been realized.”

If the operation is heat transfer controlled, heterogeneous regime is more
auractve. In this case also, optimum design has been recommended. However, it may
be pointed out that the design giving high values of heat transfer coefficient will not be
attractive as a bio-reactor because the wrbulent stresses will be high.

Bubble columns are often used under elevated pressure. The optimal level of
pressure, at a specified superficial gas velocity, has vet to be predicted. Further, in low
height to diameter ratio bubble columns, the design of sparger and mass transfer
characteristics are still not properly known.

Bubble columns are receiving attention in tissue culture and manipulation of
turbulence parameters is crucial.

HEeAT TRANSFER

The values of heat transfer coeflicient (h,, ) in bubble columns are 10 to 100 times higher
than those obtained in single phasc pipe flow. Further, &, is found to be independent of
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column diameter. The correlations published in the literature were empirical and did
not explain the above observations. We analysed this problem on the basis of flow
pattern in bubble columns. We have suggested predictive procedures which satis-
factorily explain the above observations. Further, these procedures successfully predict
the effect of liquid phase properties, bubble sizes and bubble rise velocities. The most
remarkable feature of the predictive procedure is that it is unified in natre. We
believe that the equation holds in a remarkable way for a single phase pipe flow.
bubble columns, three phase sparged reactors and liquid-liquid spray columns.

The level of liquid phase turbulence in multphase reactors is 3 to 5 times higher
than that in the case of single phase pipe flow. Under these conditions, the wall mass
transfer coefficient (¢,,) and hence the wall heat transfer coefficient (¢,) have been
found to be proportional to the rms fluctuating velocity. On this basis, a unified
approach has been developed for the estimation of &, and k,, in a variety of equipment
such as bubble columns, three phase reactors, solid-liquid fluidized beds and
mechanically agitated reactors. This approach also explains the superiority of bubble
columns over mechanically agitated reactors. In bubble columns, energy is dissipated
uniformly whereas, in mechanically agitated reactors, energy is dissipated non-
uniformly. Therefore, for a given input energy, the liquid phase turbulence near the
wall in bubble columns is high and results in high values of 2, and %, . These theoretical
predictions have been confirmed experimentally in gas-liquid systems (Fig. 5).! We
have also successfully shown that point values of heat transfer coefficient in any axial
and radial position, which are needed to test the theory, can be conveniently obtained
from the knowledge of the mass transfer coefficient. The latter can be easily measured
bv the following the rate of dissolution of copper in a solution of dichromate and
sulphuric acid.
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PRESSURE Dror

The problem of pressure drop in two phase vertical pipe flows has been extensively
studied in the past. Several correlations/theories are available for the prediction of two-
phase pressure drop. These correlations/theories when applied to bubble columns give
pressure drop values which could be 0.1 to 100 times different from experimental
observations. This is because the past theories were developed for very high mixture
velocities in the range which is not encountered in column reactors. Therefore, the
complex flow generated in column type of reactors need to be considered for
developing satisfactory predictive procedures. The new procedures predict the
pressure drop in two and three phase reactors within 30% accuracy. It also takes into
account the possibility of the existence of homogeneous and heterogeneous regimes of
bubble flow and can be successfully extended to the case of solid-liquid fluidized beds.
On the basis of pressure drop characteristics, a criterion has been developed for the
prediction of transition from homogeneous to heterogeneous regime.

Joshi'! has shown that the two phase friction factor is proportional to the square of
the rms fluctuating velocity (¢,) in multiphase reactors. By a proper selection of the
design variables, the pressure drop in two phase flow can be reduced 2 to 8 times or the
liquid circulation velocity can be increased 2 to 3 times in the case of loop reactors.® The
economic advantages of this strategy in large scale reactors is substantial.

BACKMIXING IN GAS PHASE

The residence tine distribution in the gas phase occurs mainly due to the gas hold-up
profile which is a consequence of distribution of bubble rise velocity and the liquid
circulation velocities. The hold-up profile strongly depends upon the column diameter
and the superficial gas velocity. Therefore, the gas phase dispersion coefficient
obtained from a small scale apparatus cannot be extrapolated to a large scale. Earlier
correlations for the gas phase dispersion may hold until the hold-up profile is
parabolic. In large columns (> 2m) and/or at large superficial velocities (> 0.2m/s), the
extrapolated dispersion coefficient could be 8 to 10 times higher than the actual value.
This will have a marked influence on the reactor volume when the extent of gas phase
conversion is high (>97%). A more technical correlation has been recommended which
takes into account the gradual variation in the gas phase flow pattern with respect to
superficial gas velocity and the column._ diameter. It is generally not appreciated by
designers that there are a number of situations in practice where in the gas phase, solute
utilization upto even + 99% is desired. In large size reactors the cost of uncertainty is
high. Further studies are required in this area. The author has been able to utilise the
predictive procedures successfully in forecasting performance of large size columns.

UNDERUTILIZATION OF TALL BuBBLE COLUMNS

The liquid phase backmixing can result in drastic underutilisation of the solute gas if
the column height s large. If the variation in the hydrostatic head is large, a condition
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may arise where the concentration of the dissolved solute is less than the saturation
concentration near the top. Therefore, the solute absorbed in the bottom region gets
desorbed in the top region without any utilization. The extent of underutilisation
increases with an increase in the concentration of dissolved solute (decrease in the mass
transfer resistance), extent of backmixing in the liquid phase and height of the column.
By proper selection of the column diameter and height, the extent of underutilisation
can be reduced by a factor of five to ten.!!

Alternatively, the extent of desorption can be considerably reduced by increasing
the top pressure. In order to quantify this effect, the case of air oxidation of sodium
sulphide has been considered. This problem, as pointed out earlier, is relevant in paper
industry. The column volume can perhaps be reduced to half by increasing the top
pressure. It may be emphasized that the gas compression energy was the same in both
the cases.

One interesting point emerges out of the foregoing discussion. When absorption
occurs in the bottom region, and desorption occurs in the top region, the extent of
removal of the solute gas represents both the phenomena of absorption and
desorption. Therefore, the physical methods for the measurement of overall liquid side
mass transfer coefficient becomes impractical, if not impossible. The chemical
method, where the author has made some contribution, can be conveniently used
because the solute concenwration is practically zero in the liquid phase and the
possibility of desorption is eliminated.

Sometimes, the reverse problem of undue importance of backmixing in the liquid
phase has inflicted the industry. The author has experience of a large size industrial
unit where a large number of sections were adopted in a bubble column for a reacting
system. In this particular process there was no significant concentration of dissolved
solute gas in the bulk liquid and the overall rate of reaction was basically independent of
the liquid phase reactant. Here the solution lay in the removal of the majority of baffles
and the contactor capacity was increased in a dramatic way with downtime due to
clogging once in more than 20 days instead of once in 3 to 4 days.

BACKMIXING IN THE SGLID PHASE

There are situations, such as those encountered in hydrometallurgical operations for
leaching of ores in three phase systems, where we are greatly concerned with the
backmixing in the solid phase. The problem gets aggravated due to low content of
expensive metallic components like Ni, Co etc. and requirements of high degree of
leaching of the metallic species. In sparged reactors, as pointed out earlier, there is
pronounced backmixing in the liquid phase and this also causes backmixing in the
solid phase. The philosophy of preventing backmixing in the liquid phase through
sectionalisation with properly designed radial baffles seems to work here as well. Our
recent work with radiotracers shows that solids phase backmixing can be drastically
reduced through sectionalisation. However, to prevent agglomeration and seuling of
solids, newer designs of baffles are required. We took recourse to the specific velocity
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profiles of liquid due to existence of multiple circulation cells and have succeeded in
suggesting designs which allow free flow of solids and yet solid phase backmixing can
be contained. We expect this design to find applications and in any case we are able to
provide a basis for the design of the radial baffles in the Solvay tower.

MECHANICALLY AGITATEN CONTACTORS

We commenced our work in this area almost twenty five years ago in view of the
considerable importance of such reactors for two and three phase reactions. It is
necessary to obtain data with the specified system in a laboratory contactor of, say, at
least 200 mm dia and use data for scale-up on the basis of the impeller tip speed, at least
with respect to interfacial area or overall liquid side mass transfer coefficient.

The liquid flow is developed by impeller action and also by the sparged gas. When
the impeller action predominates, the gas velocity does not have any significant
influence on the quality of dispersion. The speed at which this happens is called the
critical impeller speed (N,) for gas dispersion.!2 Below N, both impeller action and the
gas sparging generate the liquid flow. Therefore, the liquid phase mixing is lower in the
presence of gas as compared to thatin its absence. The gas phase axial mixing is also less
below N,.

Mechanically agitated contactors have been used for a very long ime and we could
have thought it to be a very mature subject. However, the field is fertile for innovations
as will be evident from the matter that follows.

A simple modification of the “dead-end” type of mechanically agitated contactors
(e.g. in hydrogenation of edible oils) has been found to be very useful. This innovative
idea requires a “daughter” impeller of a small diameter at a location close to the liquid
surface. This daughter impeller allows induction of the gas from the head space in a
facile manner and the mother impeller takes on. We have been able to adopt this in
industry with tangible benefits via a single modification without significant increase in
power consumption and yet reducing the barch time of hydrogenation substantially.

In mechanically agitated reactors, the controlling step may be one or many of the

following :

{{) suspension of solid particles;

(#) wall heat transfer;
(i) gas-liquid mass transfer;
(fv) solid-liquid mass transfer;
(v) the extent of mixing in all the phases; and
(vi) shear stress distribution.

The flow pattern can be adjusted in such a way as to enhance the rates of the above
steps. However, the flow pattern which is ideal for one job may not be useful for
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another job. For instance, the flow patterns required for solid suspension and heat
wransfer are entirely different. By properly designing the impeller, liquid flow (average
velocity and intensity of turbulence) near the bottom can be generated in such a way
that the power required for solid suspension can be reduced by a factor of 3 1o 5 as
compared with the well-known configuration using disc turbine.!* The economic
implications of this finding are very important as an enormous saving in power can be

made besides a cheap shaft. Over the years, we realized that much more needs to be
done in this area.

The overall values of liquid side mass transfer coeflicients have been significantly
increased without increasing the overall power consumption. The uneven rates of
energy dissipation in stirred reactors give rise to different levels of turbulent shear
stresses. In the case of microbial reactions, the shear stress needs to be below a certain
critical level. This requirement can be fulfilled by manipulating the rate of energy
dissipation in a more uniform way. Further, the shear stress level can be reduced by
increasing the scale of turbulence. The measurements using laser-Doppler anemometry
have shown that the stress levels can be reduced by a factor of 3 to 4 when modified
pitched turbines are used in place of disc turbines (Fig. 6). This work shows the prowess
of modern optical methods in tackling real challenging problems.
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A comprehensive monograph!? was written where the most suitable design
procedures have been recommended. This monograph is very widely used in the
industry throughout the world. The Chemtech journal (published in U.S.A. by A.C.S.),
through its editorial briefs (referred to as “Heart Cut”), has strongly recommended the
use of this monograph for the design of commercial size mechanically agitated reactors
and indeed, it has found honourable mention on three different occasions.

Gas INDUCING IMPELLERS

When pure gas is used and no ‘inert’ volatile product is formed, advantage may be taken
of gas inducing impellers to improve the performance of mechanically agitated
contactors. Here, the shaft is hollow and the impeller should allow gas to be dispersed
after it has been sucked from the gas phase via holes in the shaft. In another design, the
induced gas flows through the annular space between the shaft and a draft ube (Fig. 7).
Our work in this area commenced in the early 70’s and my erstwhile collaborators are
still on the look-out for more attractive designs of impellers.

The rate of gas induction is proportional to the dispersion density in the impeller
region. The liquid flow can be generated in such a way that the induced gas is readily
taken away from the impeller. A careful modification of the impeller design has shown
that the pitched turbines give as high as ten times the rate of gas induction as compared
to the Denver type of flotation machines.!*

The adoption of gas inducing impeller in place of a standard impeller can lead to
significant cost advantage.

IMPELLER
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DRAF T-TUBE
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FIG 7 Gas Inducing Type of Agitaied Reactor
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LiQuip-LiQuiD REACTORS

The impeller design can also be uptimized in the case of liquid-liquid systems. We have
shown that a modified propeller design gives 2 to 8 times liquid-liquid interfacial area
as compared to the conventional disc turbine for the same power consumption,
particularly at low values of power consumption (Fig. 8). We were inspired by the
design of domestic gadgets. In order to arrive at a quick method of assessing mass
transfer characteristics of agitated contactors and other types of contactors, we had
pioneered a simple innovative chemical method to measure interfacial area based on
alkaline hydrolysis of formate ester of higher alcohols.

wma@ue= FLAT DISC TURBINE
wwa{Jmm FOUR BLADED PADDLE
mewfr=- PROPELLER {60")

—@— MODIFIED PROPELLER (230")

e ROTOSTAT {HI6H SHEAR MIXER)
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FIG 8 Effect of Type of Agitator on a V/S P/V (DDF 1.0 N NaOhj

MECHANICALLY AGITATED REACTORS : SEMI-BATCH OPERATION : A NEW STRATEGY

Semi-batch reactors, involving toxic gases like lean ozone, are often designed on a
conservative basis keeping in mind the rate of reaction at the end of the process. A new
strategy, employing a simple control scheme for manipulating the flow rate of gas, can
be adopted resulting in a considerable reduction in the batch tdme. This strategy is
possible as in mechanically agitated reactors, above the critical speed of the impeller,
mass transfer characteristics are essentially independent of the gas flow rate over a very
wide range. Advantage can also be taken with respect to the liquid being backmixed. A
semi-batch operation will give the advantage of higher rates due to high initial
concentration of the liquid phase reactant.

The process design of a variety of multiphase reactors (gas-liquid, liquid-liquid and
gas-liquid-solid) has been given by us in a number of comprehensive state-of the-art
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reviews and the one on gas-liquid reactors published in the Transactions of the Institutions
of Chemical Engineers, UK., was adjudged the most notable publication of that year and
was awarded the Mouiton Medal.

EFFECT OF MICRON SizZE BUBBLES IN THREE PHASE REACTORS

In three phase reactors, the solid particles are used either as a catalyst or they undergo a
chemical reaction. The presence of micron size bubbles in the diffusion film adjacent
to the solid surface provides an additional parallel mode of mass transfer and results in
increased rates. The enhancement in the overall rates of absorption have been shown to
be in the range of 2 to 50.}3 Thus deliberate creation of micron size bubbles can lead to
substanually higher rates — a fact that was recognised in our group recently. Further
augmentation in the rate of reaction in three phase catalytic reactors arises due to
specific adsorption characteristics of the solid particles at the gas-liquid interface
resulting in substanually higher concentration near the interface than in the bulk.
Thus, in a hydrogenation reaction, where Pd or Pton carbon vs alumina can be used,
the adoption of carbon as a support at the same loading of Pd or Pt can lead to higher
rates by a factor of 3 to 4.16

PACKED COLUMNS : Co-CURRENT usCOUNTERCURRENT FLow

The counter-current mode of operation is considered ideal due to the full advantage of
driving force that is realized. However, this isirrelevantwhen we have irreversible
reactions (e.g. reactions among CO,/COS/Cl,/SO,/H,S, etc. with excess aqueous
sodium hydroxide solution), and thus, we should adopt the co-current mode of
operation as it does not encounter tlve capacity limitation due to flooding and mass
transfer characteristics are more favourable. Such a strategy is also very useful in
emergency scrubbers. Although the conceptis simple, the counter-current operation is
still adopted in practice for irreversible reactions. The author has been able to
recommend these designs in practice.

The importance of liquid and gas distributors has been only recently recognized
for high efficiency random packings. A change-over from old distributors to new
designs can lead to a substanual beneficial effect and indeed, in the author’s consulting
experience, some retrofits have been done and the economic benefits proved to be
large.

A new development in gas-liquid contacting is the adoption of hollow fibre
modules which were originally developed for membrane based separations. This
provides very high interfacial area.

In all the cases cited above, we can discern the linkages among concepts, theory,
intuition, empiricism and commercialization.
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PirraLLs oF OVERDESIGN

If overdesign is done without a clear understanding, the effort may result in some
difficulties as illustrated below - ’

(i) In the case of tall bubble columns, where the height was deliberately increased
by, say 50%, the variation in static pressure is high and the liquid phase is backmixed. 1f
the gas phase conversion is high, then it is possible that absorption will occur in the
bottoni region, whereas desorption will occur in the top region, and the column will
perforn poorly. It has been shown earlier that there is an optimum design.

(1) In the case of sectionalised bubble columns, the baffle spacing shouldbe 0.81T
whereas the central hole dia should be 0.71 T. Any overdesign in terms of decreasing
the baffle spacing or increasing the hole diameter results in an underdesign by a factor
of upto 2 10 3.

(iti) The extent of gas phase backmixing increases with an increase in the impeller
speed. At low speeds, it is possible that the extent of backmixing is low and the benefit
of better driving force is realized . Anv overdesign in terms of higherimpeller speed will
increase the extent of gas phase backnnxmg, and may resultin an overall reduction in
the rates of absorption.

(tv} In packed columns, deliberate overdesign of the column diameter can result in
poor functioning due to lower wetting rates. Likewise, an existing column, when used
for, sav, one-third of the design capacity, can lead to a higher slip of the solute gas in the
outlet. Strategies can be developed to provide flexibility in handling widely different
loads.

(v) In gas-liquid-solid mechanically agitated reactors, the critical impeller speed for
solid suspension is higher than that in a solid-liquid system, which is contrary to
norma!l expeciation. This is because the impeller pumping capacity decreases in the
presence of gas. If this reduction is not properly understood, we are likely to end up in
serious difficulties. For instance, in a varietv of reactions of industrial importance, the
rate of gas absorption is low and the unabsorbed gas escapes. In order to increase the
gas phase utilization, the gas is recvcled with the help of an external compressor oritis
induced with the help of a self inducing impeller. Now, the overdesign in the rate of gas
recvcle will affect the suspension of solid particles and, in an extreme case, may even
stop the reaction.

(vi) In a fermentation reactor, a balance needs to be maintained between the shear
stress levels and the rates of oxvgen absorption. This can be understood onlv with the
help of detailed information on the fluid mechanics. Any overdesign in terms of oxygen
absorption rate may increase the shear stress levels to such an extent as to the affect the
vitality of micro-organisms. In contrast, any over precaution in terms of shear stress
levels will decrease the rates of oxvgen absorption and again indirectly affect the vitality
of oxvgen absorption and again indirecdy affect the viality of micro-organisms.
Therefore, overdesign in any direction is likely to seriously affect the capacity of a
fermenter.
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A MobEL CONTACTOR FOR STUDY OF GAS-L1QUID REACTIONS IN LABORATORY

A challenging problem for engineers is to devise experiments on a laboratory scale for
simple and complex gas-liquid reactions, in an ingenious way, so that scale-up can be
approached with confidence and, if possible, without recourse to the use of expensive
pilot plant. We applied our mind and, in mid-70’s we came out with a contactor, with a
defined contact area, via a flatinterface (Fig. 9), which allows independent stirring of the
gas and liquid phases, so that a wide variation in the relevant true mass transfer
coefficient is possible. The same contactor at a higher speed of agitation in the liquid
phase can be adopted as a mechanically agitated contactor with gas dispersed in the
liquid. Further, the liquid can be taken as a batch or passed continuously.

| =L
56—l

INTERFACE

192

FIG 9 Model Stirred Contacior

DIMENSIONS in mm

1.  Liquid Drainage 9.  Support Plate

2.  Liquid Drainage 10.  Shaft

8. Gas Inlet 11.  Baffles

4. Gas Outler 12.  Gland and Stuffing Box
5. Liquid-Side Stirrer 13.  Flange

6.  Gas-Side Stirrer 14, Plug Cock

7. Teflon Gasket 15.  Main Body

8. Cover Plate 16. Teflon Sleeve
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SINGLE PHASE T0 MULTIPHASE REACTIONS

The deliberate imposition of a second liquid phase has many unique features
associated with an improvement in conversion, yield, use of cheaper reagents and the
ease of heat removal. The use of two liquid phases should, from a thermodynamic
standpoint, allow higher conversions compared to that which can be realized in either
of the two phases alone. It can be shown, by a simple analysis, that for certain values of
distribution coefficients, the two-phase system gives higher values of the equilibrium
constantand this may be given 10* times that encountered in the homogeneous phase.

The use of a carefully selected second liquid phase may be particularly important
when the desired intermediate is capable of undergoing further facile, undesirable
reactions. In the case of the conversion of HO(CH,), OH to HO(CHy)s Br with aqueous
HBr, use of a hydrocarbon solvent can give high yields of the desired product and the
dibromo product formation is reduced or minimized.

In phase transfer catalysis (PTC), quaternary ammonium salts are used which allow
ionic species to be transferred to the organic phase where the reaction occurs neatlyand
quantiatively. Sharma and co-workers have shown that, for a number of reactions,
where mass transfer is accompanied by a fast reaction in the diffusion film, PTC can be
advantageously employed.!”#8 In the case of triarylphosphates, an elegant, room
temperature process has been developed using cheap solvents like toluene and PEG as
the phase transfer catalyst; it is desirable to use the organic phase as the continuous
phase as it becomes very viscous. This method has been used in industry and has also
been adopted for making trithioarylphosphates which are difficult to make by the
conventional method used for triarvlphosphates.

ABSORPTION OF CHLORINE : DESORPTION oF HYPOCHLOROUS ACID

The absorption of chlorine in aqueous solutions of sodium hydroxide with concurrent
desorption of hypochlorous acid (followed by its dissociation to chlorine monoxide) is
a unique system which seems paradoxical and shows many fascinating feawures.!?
Firstly, ir is interesting to see that chlorine can be absorbed from its rich mixtures with
an inert gas like nitrogen, into concentrated aqueous solutions of sodium hydroxide
and hypochlorous acid can be desorbed during this reaction, despite the presence of
sodium hvdroxide in large excess in the bulk liquid phase. A second distinguishing
aspect of this svstem is the dissociation of hypochlorous acid in the gas phase to
chlorine monoxide. This lowers the interfacial concentration of hypochlorous acid
thereby augmenting the driving force for its desorption. The motvation for this
challenging problem arose out of the need 1o produce hypochlorite liquors for
disinfection without salt impurity. The specific rate of desorption of hvpochlorous acid
increases with an increase in the value of liquid-side mass transfer coefficient. The
choice of contactor which can exploit the unique features of this system thusbecomes
crucial. Gas-liquid contactors which offer high values of gas-side mass transfer
coeflicients and low values of liquid-side nass transfer coefficients such as spray
absorbers are therefore most suitable for the purpose.
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SIMULTANEOUS ABSORPTION OF NH; aND CO,

The simultaenous absorption of ammonia and carbon dioxide is industrially encoun-
tered in the manufacture of urea, in the manufacture of soda ash by the Solvay process,
etc. In the manufacture of urea, ammonia and carbon dioxide obtained by decomposi-
tion of unconverted carbamate, must be introduced separately into the reactor by
absorbing either ammonia or carbon dioxide selectivity. This is necessary since
compression of a niixture of ammonia and carbon dioxide poses several practical
problems.

In the case of absorption of ammonia-carbon dioxide mixtures into aqueous
solutions of mono- and di-ethanolamines, selective absorption of carbon dioxide
occurs. Higher selectivities with respect to carbon dioxide can be achieved with
monoethanolamine, since the second order rate constant for monoethanolamine is
more than four times than that for diethanolamine.2¢

The variation of true liquid side mass transfer coefficient, ,, can have a significant
influence on the selectivity. Thus, a contactor like packed column gives a low value of &, ,
which allows CO, to react with ammonia in the diffusion film thereby adversely
affecting the selectivity when only CO, is required to be removed without reaction with
ammonia.

When absorption of both CO, and NH; is to be promoted asin the Solvay soda ash
plants, then co-current downflow operation in packed columns is to be adopted. If an
uninitiated designer adopts counter-current operation, then most of CO, will leave the
column unreacted as bulk of ammonia is absorbed in the bottom of 10% of the height of
the column and CO, encounters basically water ! This analysis looks very simple but
for a number of years in industrial practice the wrong strategy was adopted.

SELECTION OF MULTIPHASE CONTACTORS : USE OF EXPERT SYSTEMS

Knowledge Based Systems, more popularly referred to as Expert Svstems, may be able
to provide us with powerful tools to solve what we can call ‘optimal choice problems’,
~such as-choosing between different multiphase contactors for a given set of conditions.
This preblem, is, of course, much more complex compared to those which have
traditionally been handled by the Expert Systems approach, such as choice of pumps,
material of construction, etc.

"Expert systems may reveal previously unexplored relationships because of the
large masses of rules thev can handle. For instance, various reactor conligurations may
be devised for a given duty and the loopholes and weaknesses discovered via an expent
systems. Intelligent software may therefore provide for greater rapidity and flexibility
in searching for “optimal innovations”. We have recently taken up this work.
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SEPARATION OF CLOSE-BOILING SUBSTANCES

The separation of close-boiling substances continues to be an imprtant area in practice.
We have developed novel methods for separating close-boiling acidic or basic
substances via dissociation extraction where, in a suitable solvent-aqueous phase
system, a stoichiometrically deficient amount of alkali or acid is taken. In many cases.
separation factors as high as 20 o 100 have been realized making originally difficult
separations very facile. In order to reduce the incidence of the cost of alkali and acid,
regenerative methods have also been developed. Some of our work has been adopted
in practice.

A recent development has been the use of Ca(OH), in place of NaOH for the
separation of close-boiling phenolic substances like p-cresol and 2, 6-xylenol, and
higher separaion factors in the former case have been realized.

We have done a considerable amount of work on hydrotropes — a class of
substances like Na/K sal:” * toluene/cumene sulphonic acids, which enhance solubility
of sparingly soluble solids in a marked manner. Our original work was directed towards
intensification of multiphase reactions and, if possible, to improve selectivity. This line
of thinking leads to adoption of hydrotropes via liquid-liquid extraction and extractive
distillation of close-boiling susbtances which may be even neutral in a successful way
for separation.

CoNCLUSION

The design of bubble columns and mechanically agitated contactors has been
approached on the basis of a unique blend of theory, modelling, intuition and
empiricism. Specific modifications, for the desired objectives, of the above contactors
have been made through innovative ideas. There are a number of intriguing problems
awaiting further studies. No process is fully mature and innovative work seems to have
scope all along.

Selectively to the desired product has been tailor-made through a variety of
strategies which include deliberate conversion of a single phase system into a
multiphase system, manipulation of mass transfer coefficients, mode of operation of
the reactor, etc.

Separation of close boiling substances has been achieved through novel types of
dissociation extraction and adoption of hydrotropes.
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