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Abstract—Experiments of hydrodynamic and gas liquid mass transfer were carried out in a bubble column of 19.4 cm
internal diameter and of 4 m height. The liquid phase can be either tap water or a coalescence inhibitor system, using
aqueous solutions of three alcohols (ethanol, 2-propanol and 1-butanol) with a volumetric concentration of 0.05% v/v
and sodium dodecyl sulfate: SDS (10> mol/L) as an anionic surfactant. The hydrodynamic study involved placing wall
pressure sensors in different axial positions of a bubble column to determine the gas hold-up in different regions and
the influence of non-coalescing system on its evolution. The overall liquid movement induced by bubbles and the resi-
dence time distribution analysis of liquid phase was performed by using inductivity sensors. Gas hold-up results
showed that the presence of the gas is more important in the zone far enough to the gas distributor (zone II). The
results of the volumetric mass transfer coefficient (K;a) revealed that K;a decreased with the addition of alcohol, espe-
cially when the number of carbons in alcohol increased. K;a decreased more with the addition of anionic surfactant. It
was also proven that a decrease in K;a was due to a decrease in K;, which was due to a decrease of bubble rise velocity
as well as of the diffusivity when alcohol or ionic surfactant was added. Correlations were developed linking gas hold-
up and gas-liquid mass transfer coefficient to superficial gas velocity and surface tension gradient.

Keywords: Gas Hold-up Correlations, K;a Correlations, RTD, Semi Pilot Bubble Column, Coalescence-inhibiting Sys-

tem, Gas - Liquid Mass Transfer

INTRODUCTION

A variety of industrial gas-liquid reactions are performed in bub-
ble columns. The mass transfer phenomena are intimately related
to hydrodynamic and flow regimes. Thus, gas liquid transfer coef-
ficient is related to the bubbles’ characteristics, the turbulence and
behavior of the bubble reactor as CSTR or plug with dispersion
reactors. Because of the complexity and the interaction of many
parameters in the hydrodynamics, the experimental approach, which
consists of the determination of global, local gas hold-ups and flow
regimes, is still used. The computational fluid dynamic (CFD) [L,2]
approach gives local information but does not cover all aspects of
a bubble column, and a unified theory is not yet developed to pre-
dict local gas hold-up. That is why experimental measurements are
needed to give more data. Experimental data concerning global
and local gas hold-ups are abundantly available in the literature.
Several methods of measurements have been used. The basic one
is volume expansion [3]. Manometric methods have also been plen-
tifully employed [3-5]. More sophisticated methods have been car-
ried out in bubble columns using j-ray [6].

The behavior of bubbles in bubble columns is influenced by the
physicochemical properties of the liquid (density, viscosity, surface
tension, solute concentration, etc). The flow regime and gas hold-
up in the presence of alcohols and electrolytes surfactants [7] in a
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non-uniformly aerated bubble column have been studied by Cachaza
et al. [8], who concluded that for both types of surfactants, gas hold-
up increases with the surfactant concentration. De Guido and Pel-
legrini [9] proposed a correlation representing the experimental
data based on the dynamic surface tension theory applied in the
entire range of gas superficial velocities (from 0.004 to 0.20 m/s),
using different adaptive parameters.

Besani and Inzoli [10] studied the effect of liquid phase proper-
ties on bubble column fluid dynamics by using tap water, aqueous
solutions of NaCl, water-ethanol mixture, and solutions of water-
monoethylene glycol of different concentrations. Gas hold-up meas-
urements were used to investigate the global fluid dynamics, the
flow regime transition, and the foaming phenomena. Correlations
were proposed to estimate bubble shape and interfacial area, for
the different liquid phases tested. These correlations were based on
the gas hold-up measurements, which were determined by the
volume expansion.

Mass transfer is another aspect concerning the design and scale-
up in bubble column. Gas liquid mass transfer remains a subject of
discussion because the estimation of volumetric mass transfer coef-
ficient (K;a) is very sensitive to different parameters, such as the
position of the probe, hydrodynamic conditions, and the probe
dynamic [11-13]. Although the estimation of K;a is abundant in
literature, the accuracy of the estimated value of K;a should be ana-
lyzed. This aspect concerns the response of probe, the local hydro-
dynamic, the bubbling characteristics, turbulence, and the presence
of surfactants. Mariano et al. [14] studied the mass transfer mech-
anism and the shape of a single growing bubble. They concluded
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that the liquid viscosity and the surface tension increase the Sher-
wood number (Sh=K;-dp/D;; K: liquid-side mass transfer coeffi-
cient, dz: bubble diameter, D;: molecular diffusion of oxygen in
liquid), while the liquid density reduces it. The effects of the addi-
tion of different types of surfactants to air-water system on gas hold-
up and mass transfer were studied by Ramazan et al. [15] in a co-
current downflow contacting column. The study revealed that the
values of gas hold-up in the air-surfactant solution system were
larger than the ones in the air-water system. Furthermore, the val-
ues of the volumetric mass transfer coefficient in the air-surfactant
solution system were lower than the ones in the air-water system.
Even the specific gas-liquid interfacial area (a) increased with the
addition of surfactant. Kovats et al. [16] studied the influence of
viscosity and surface tension on bubble dynamic and gas liquid mass
transfer. They concluded that with decreasing the surface tension
and the viscosity; the bubble size is diminished, but neither the addi-
tion of glycerol nor the addition of surfactant was found to be ben-
eficial to mass transfer from the CO, bubbles into the liquid. A recent
review [17] presented the current understanding of the multiscale
multiphase phenomena inside bubble column reactors (BCRs).
Some progress is still needed to better understand and predict the
effect of the liquid nature, especially the water-alcohol mixture.

As the bubble column used is large diameter and large-scale (4 m
in height, inner diameter of 0.19 m), the gas hold-up should be
investigated in different regions of it. In addition, conductivity sig-
nals are used to give complementary information about the influ-
ence of bubbling in the flow pattern. These hydrodynamic studies
can better explain the results obtained in the gas liquid mass trans-
fer using the water-alcohol mixture (ethanol, propanol and buta-
nol) or SDS as anionic surfactant.

Aqueous solutions of alcohols having a short carbon chain such
as ethanol, propanol, and butanol are of great importance because
of their typical physicochemical properties in many compositions
[18]. This study is devoted to examining the effect of surfactants on
gas liquid mass transfer. The alcohols used behave as surfactants,
SDS is an anionic surfactant. Most of the papers have focused on
one type of alcohol or surfactant.

In the present study, the density and viscosity are not affected by
the addition of minute alcohol or ionic surfactant with low concen-
tration; only the effect of surface tension can play a role in hydro-
dynamics and mass transfer. The range of the surface tension used
in this work, varying between 0.064 and 0.072 N/m, is not large
enough, whereas the surface tension gradient is relatively wide and
varies between 0.23 and 418 N/m. Guo et al. [19] studied the behav-
ior of bubbles in terms of the gas hold-up in a bubble column with
pure liquids and ethanol and n-butanol solutions. These research-
ers used the concept of dynamic surface tension in which the sur-
face tension gradient plays a great role to explain their results. An
algebraic criterion was used [19] to predict the critical concentra-
tion at which the maximum gas hold-up occurred and the maxi-
mum frothing ability occurred at the composition for which this
criterion & (x)(dofdx)’ reached its maximum, where x is the mole
fraction of alcohol, 8 (x)=x(1—x)/(1—x+kx), k=V,/V,, and V, and
V, were the molar volume of ethanol and water.

This distinct difference of bubble behavior was attributed to the
dynamic surface tension effect in the alcohol solutions, which inhib-

ited bubble coalescence. The latter depended on the type of alco-
hol and was more inhibited by alcohols with longer carbon chains.
Syeda et al. [20] also studied the effect of alcohols on the gas hold-
up in a bubble column and successtully predicted the trend in
variation of the gas hold-up using the dynamic surface tension the-
ory. The concept of this theory was adopted in our study by extend-
ing the study for three types of alcohols and an anionic surfactant
both for hydrodynamics and for the gas liquid mass transfer. The
proposed correlations will introduce the surface tension gradient
rather than the bulk surface tension.

EXPERIMENTAL SETUP AND METHODS

Experiments were carried out in a cylindrical semi-batch bub-
ble column (batch liquid phase) made of plexiglass of 19.4 cm inter-
nal diameter and 4 m height. The gas phase (air) is dispersed through
a multiple-orifice nozzle at the bottom of the column by a distrib-
utor provided with multi-orifice 32 holes of 1 mm in diameter
uniformly distributed over its surface. Fig. 1(a) shows a schematic
diagram of the bubble column used in this study. The gas flow is
controlled by a Brooks flow meter (Model 1355) previously cali-
brated which ensures a superficial velocity between 0.56 and 9.7
cm/s. A manometer was placed underneath the gas distributor to
measure the pressure drop versus the gas flow-rate in order to cor-
rect the calibration.

The liquid phase can be either tap water or non-coalescing water -
alcohol mixtures (0.05% v/v). The alcohol mixed with the water is
either ethanol, 2-propanol or 1-butanol. Sodium dodecyl sulfate
(SDS) (10 mol/L) was also used as an anionic surfactant.

A hydrodynamic study was conducted by placing the wall pres-
sure sensors and conductivity probes in different axial positions of
the bubble column to determine the gas hold-up in different regions.
The height of the liquid in the bubble column is 2 m.

Wall pressure sensors were placed in different axial positions of
the bubble column to measure gas hold-up locally, for a region cov-
ering a height of 0.75 m and the overall gas hold-up covering a height
of 150 cm. The differential pressure was measured by two consec-
utive resistive sensors membrane pressure (Keller, PR25) that offers
+0.2% full-scale accuracy for the range 0-500 mbar (Fig. 1(d)). The
column was then progressively filled with water. For each water
depth (25 cm), the current was noted. The calibration was repeated
systematically after a series of manipulations to check the repro-
ducibility of the calibration. For each pressure sensor, the calibra-
tion curves exhibit a linear relationship between static pressure and
signal (current). Then, the sensors were connected to the acquisi-
tion system (Fig. 1(b)). The three membrane pressure sensors as
piezoresistive transmitters (Keller PR25) were placed in different
axial positions at 0.25m, 1 m and 1.75 m from the gas distributor.
The signals collected are electric currents.

A circuit board (Fig. 1(c)) was designed to power the sensors
with generators (PWR1, PWR2, PWR3) as well as to connect them
with the acquisition board (CIO, CI1 and CI2). The three signals
were then collected (SEN1, SEN2, SEN3) for statistical and signal
analysis with appropriate acquisition frequency. An ADLINK USB-
1903 16-bit A/D (Fig. 1(b)) acquisition card with eight current-
input differential channels was used.
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Fig. 1. Experimental apparatus: (a) Schematic diagram of the bubble column for &, RTD and K;a measurements. (b) Acquisition card. (c)
Circuit board. (d) Piezoresistive transmitters (Keller PR25).

Two conductivity probes (Tacussel) were used, placed in two
positions at, respectively, 0.5 m and 1.5 m from the gas distributor.
The corresponding conductivity meters were two CD 810 having
differential outputs to acquire three analog voltage signals. The digi-
tized signals were ensured by using an Analog/Digital acquisition
board: A USB-6008 acquisition board that has eight analog inputs
(12 bits, 10ks/s) and two analog outputs (150 Hz). It has analog I/
O, digital I/O and a 32-bit counter.

Preliminary experiments revealed that the best results of gas
hold-up were obtained when the distance between two pressure
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sensors was greater than 50 cm. Three pressure sensors were installed
axially at heights of 25, 100 and 175 cm above the distributor, respec-
tively. The distance between two consecutive sensors was 75 cm.
The overall gas hold-up covered a region of 150 cm as height (sen-
sors 1 and 3). Two other gas hold-ups were also measured cover-
ing two axial zones: zone I (sensors 1 and 2) covering one meter
above the gas distributor, and zone II (sensors 2 and 3) covering
the distance greater than one meter above the gas distributor.

In general, in the bubble columns, the pressure drop by friction
was negligible and with p,<<q (density of gas is negligible com-
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Table 1. Surface tension of studied solutions at T=20°C

System Surface tension (mN/m)
Water 71.9
Ethanol 0.05% 71.94
2-Propanol 0.05% 68.3
1-Butanol 0.05% 67.7
SDS (107°) M 64

pared to that of liquid), the gas hold-up can be deduced by the fol-
lowing expression [4,11]:

A

g=1- ﬁ 1)
where Ap is the differential static pressure between two sensors
placed at a distance Ah.

A certain amount of alcohol (ethanol, propanol or butanol) cov-
ering a volume concentration of 0.05% (v/v) or SDS with 10°M
concentration was introduced into the bubble column by syringe.
Water was added gradually until it reached a height of 2 m. To bet-
ter mix alcohol with water, the gas was introduced.

Solutions with alcohol and SDS are characterized by the surface
tension. The addition of these alcohols or SDS with a relatively low
concentration does not affect the viscosity of the solution. Table 1
gives values of the surface tension of the solutions used, which was
measured by using the ring method (Kruss tensiometer).

Gas - Liquid Mass Transfer Measurement

The dissolved oxygen concentration was measured using probe
oximetry (CellOx 325) at 1.75 m from the gas distributor (Fig. 1).
The measurements of the oxygen gas concentration were recorded
using a data acquisition system connected to a PC. The signals
obtained by the data acquisition card were converted into the con-
centration and stored in files. Calibration was performed by satu-
rating the liquid oxygen column by compressed air. The concen-
tration was then adjusted to read the saturation value for the gas
temperature to the measured ambient atmospheric pressure. This
theoretical concentration is given by the French standard (AFNOR)
T 90 032 for the solubility of oxygen in water. The technique of
de-oxygenation - reoxygenation is used to determine the volumet-
ric gas liquid mass transfer coefficient. Oxygen is removed by intro-
ducing sodium sulfite (Na,SO;) in the presence of a catalyst in
solution (Co™).

RESULTS AND DISCUSSION

1. Effect of Alcohol Type Solution, Anionic Surfactant and
Axial Zone on Gas Hold-up

The gas hold-up by zone was performed using two consecutive
sensors in a distance covering 75 cm. Two distinguished regions were
under study: the first one (zone I) covered 1 m above the gas dis-
tributor; the second region covered a distance between 1 and 2m
above the gas distributor (Fig. 1(a)). The gas hold-up covering zone I
and zone II was, respectively, denoted as &, and &,;, whereas the
global hold-up covering the two zones was denoted as &; or &,

Fig. 2 shows that the value of gas hold-up for aqueous 0.05% 1-
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Fig. 2. Evolution of gas holdup for zones I, II and global gas holdup
for 1-butanol 0.05% aqueous solution.
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Fig. 3. Comparison of gas holdup for zones I and II and global gas
holdup for pure water, water-alcohol mixture solutions and
SDS solution.

butanol solutions is less in zones close to the sparger than in zones
far enough to the gas sparger. The difference between gas hold-
ups in the two zones becomes larger as the superficial gas velocity
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increases. As expected, the global gas hold-up shown in Fig. 2,
measured between the sensors 1 and 3, takes the average values
with respect to the gas hold-ups measured in zones I and II. The
same tendency was obtained with alcohol solution or with pure
water-air system.

Fig. 3(a) presents the evolution of gas hold-up in zone I versus
superficial velocity for a different type of alcohols and SDS as inhib-
iting system promoting bubble break up. The gas hold-up in-
creases with the number of carbons in the alcohol. The influence
of SDS solution is similar to butanol solution. The difference in gas
hold-up between different types of alcohol increases with increas-
ing gas velocity. In zone II as presented in Fig. 3(b), the difference
in gas hold-up between SDS solution and alcohol solution is more
pronounced. In general, the global gas hold-up (&) is more im-
portant by using an anionic surfactant (SDS) comparatively to alco-
hol solutions. The gas hold-up increases also with the carbon num-
ber in the alcohol increases (ethanol, propanol and butanol) as
observed in Fig. 3(c).

2. Interpretation of the Gas Hold-up Results

The increase in gas hold-up by the addition of alcohols or ionic
surfactant is mainly due to a reduction of the bubble-rise velocity
caused by the bubble size reduction [21]. Thus, in the case of small
bubbles in surfactant solutions, the addition of surfactants affects
the internal bubble circulation so that the bubbles can be assimi-
lated into solid spheres. Surfactants increase the surface rigidity as
a consequence of dynamic surface tension, by covering part of the
bubble surface allowing an increase of bubble drag coefficient sim-
ilar to a rigid sphere. This diminishes the terminal velocity [22]. In
fact, the coalescence inhibition mechanism is responsible for the
bubble size reduction. In general, the coalescence rate can be mod-
eled by the physical film drainage in which three steps allow the
bubble coalescence: a collision between two bubbles trapping a lig-
uid film, drainage of the liquid film, and a film rupture and coales-
cence [23]. The coalescence inhibition can be operated by the ad-
sorption of surface-active solutes at bubble/solution interface via
two different means, steric hindrance and electrostatic repulsion, if
the surface-active solutes are charged.

Steric hindrance effect is the principal mechanism operating
when the solutes are uncharged, such as with alcohol. Oolman
and Blanch [24] and Zahradnik et al. [25] reported that the bub-
ble coalescence in aqueous alcohol solutions is significantly hin-
dered and that longer chain alcohols inhibit bubble coalescence
more effectively. The addition of minute quantities of aliphatic alco-
hol molecules in water leads to the inhibition of coalescence phe-
nomena by adsorption. Due to the hydrophobic and hydrophilic
parts, a surface tension gradient force is created, allowing an immobi-
lization of the gas-liquid interface. The coalescence is then hin-
dered.

When the charged surface-active solutes (such as ionic surfac-
tants) are present, their adsorption will usually determine the overall
charge on the bubble/solution interface. The charges on the bub-
ble surface influence the distribution of ions in the liquid surround-
ing it, where counter-ions are attracted and co-ions are repelled.
This gives rise to an unequal distribution of electrical charges across
the interface forming the electrical double layer. Stern model de-
scribes two regions: an inner region of strongly held counter-ions
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(the Stern layer) and a diffuse region where ions (both counter-
ions and co-ions) are distributed according to electrical potential
and Brownian motion (the diffuse layer). The Stern plane is located
one hydrated ion radius away from the charged surface.

The non-polar tails of SDS, as an anionic surfactant, experience
repulsion with polar water molecules. The tails are pushed to the
gas media. An equilibrium state is then reached to reduce the interfa-
cial area between water and tails to a minimum [26].

The internal circulation, together with the external liquid-to-
surface shear, contributes to the accumulation of surfactants on
the rear of the bubble, which is referred to as a stagnant cap [27].
Boussinesq [28] first proposed that the reduction in internal circu-
lation in gas bubbles and in the drops is due to the interfacial
accumulation of contaminants organized as a monolayer, which
was validated experimentally [29]. The gas hold-up results (Fig. 2
and Fig. 3) show also that the presence of the gas is more import-
ant in the zone far enough from the gas distributor (zone II). This
aspect can be explained in light of the rear stagnant cap (RSC)
theory [30]. This theory explains that an adsorption process pro-
ceeds and leads to the formation of RSC. During the bubble rise,
the rear cap is increasingly filled with surfactants. In the zone far
enough to the sparger, the RSC is larger than in the zone close to
the sparger allowing for a retardation of the rising velocity. The
bubble stabilization due to the surfactant allows gas bubbles to
exist at the top of the liquid. This explains the difference on gas
hold-up between zone I and zone II.

The addition of ethanol, 2-propanol or 1-butanol with a volu-
metric concentration of 0.05% v/v corresponds to low molar frac-
tion (x) (x=0.000195 for ethanol, x=0.000149 for 2-propanol and
x=0.00012 for 1-butanol). One mM/L of SDS corresponds to
x=1.8 10~ as a molar fraction.

With this low molar fraction, the surface tension decreases from
71.9 to 64mN/m at 20 °C. The decrease in the surface tension is
not sufficient to explain the discrepancies in the gas hold-up.

Guo et al. [19] found that the dynamic surface tension strongly
affects the bubble behavior. The dynamic surface tension model
was proposed by Andrew (1960) to explain the bubble behavior in
the alcohol-water mixture [19].

The criterion Cr(x)
=0 (x)(dofdx)” is used to quantify the coalescence inhibition.

where x is the mole fraction of alcohol, 8 (x)=x(1—x)/(1—x+kx),
k=V,/V,, and V, and V, are the molar volume of alcohol and water.

Syeda et al. [31] demonstrated that the concentration at which
maximum value of C(do7dx)?, ie., (concentrationxsurface tension
gradient with respect to concentration®) is obtained corresponds to
the concentration at which maximum gas hold-up enhancement
occurs. They used four electrolytes, namely, NaCl, MgSO,-7H,0,
Na,SO, and CaCl,-2H,0, and the concentrations of the solutions
were varied from 0 to 0.3 mol/l

This criterion was adopted to expand the study for ethanol,
propanol, butanol, and SDS. We are interested in the values of this
criterion obtained for the mole fractions used in this study. The
higher these values, the more effectively the inhibition of coales-
cence occurs. As suggested by Guo et al. [19], this criterion also
predicts the critical concentration at which the maximum gas hold-
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up occurred. According to this criterion, the maximum frothing
ability occurred at the composition for which Cr(x)=6 (x)(dotdx)?
reached its maximum.

From the data of the surface tension of ethanol, 2-propanol, 1-
butanol, and SDS as a function of the molar fraction: o (x) avail-
able in the literature [32-35], a program was developed (Matlab) to
interpolate the low values of o to obtain accurate values of surface
tension gradient (dofdx) in low molar fraction. The criterion of
coalescence inhibition (Ax)(dofdx)?) was then deduced. Figs. 4 and
5 show the curves of the criterion, respectively, for alcohols and
SDS. Because of the high values of the surface tension gradient of
SDS, the values of the criterion are high relative to the alcohols.

The maximums obtained for ethanol and propanol are close and
are approximately 0.0075 for molar fractions of 0.016 and 0.017,
respectively, for ethanol and propanol. Whereas for butanol, this
maximum is obtained for a relatively low molar fraction (x=0.001)
because the surface tension of butanol decreases rapidly. From these
curves, the values of the coalescence inhibition criterion were deter-
mined for each type of alcohol and for SDS. The values thus ob-
tained are as follows:

Cryps (x=1.8 107°)=0.055>Crp, 11 (x=0.000121)
=0.0014>Crppanai> (x=0.0001497)
=0.00101>Cr 0 (x=0.000195)=0.00021.

These values increase gradually when the number of carbons in
the alcohol is increased (from ethanol to butanol). The value of the
coalescence inhibition criterion is more important for the case of
anionic surfactant (SDS) which presents a very high surface ten-
sion gradient compared to that of alcohols.

The increase in the coalescence inhibition criterion, which results
in a reduction in the size of the bubbles by the bubble break-up
phenomenon, explains in a remarkable way the increase in gas
hold-up.

Data for the gas hold-up (g,) can be correlated to the superfi-
cial gas velocity and the surface tension gradient to highlight the
effect of the dynamic surface tension. The recommended correla-
tion for & in semi pilot bubble column for both systems (air-water-
alcohol mixture and SDS solution) is:

1.26| 0.015

_ do
&= 0.0221Ug

X

@
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Table 2. Correlation for 0.56 cm/s<U,<6.3 cm/s: Global gas holdup (do7dx is expressed in N/m)

Correlation Standard deviation
Ethanol Propan-2-ol Butan-1-ol SDS solution
£,=0.0221 U;‘Z(’ do|™" solution 0.05% solution 0.05% 107> mol/L
dx 24% 14.3% 14.2% 16%

In Table 2, the standard deviation of this correlation is also pre-
sented to show the accuracy degree of each system. U, is expressed
in cm/s (0.56 cm/s<U,<9 cm/s) and do7dx is expressed in N/m.
This correlation can be used for a molar fraction (x) ranging from
0 t0 X,,,,, Where x,,,,, corresponds to the maximum of Cr(x).

The surface tension gradients of alcohols and SDS used in this
study are:

(d—o) (0.000197)=0.228 N/m;

dx Ethanol

(d—a) (0.000149)=1.82 N/m;
dx Propanol-2

(d—") (0.000121)=4.25 N/m;
dx

Butanol-1

do -5
(&)SDS(I.S 10°)=418.6 N/m
For relatively high superficial gas velocity (greater than 6.3 cm/s),
the predominance of the macro scale turbulence effect reduces the
role of the surface tension [4,36,37]. However, the proposed cor-
relation covering the homogeneous and heterogeneous flow can
be accepted, as the standard deviation is relatively low (not exceed-
ing 24%).

3. Tracking and Residence Time Distribution (RTD)

Phase liquid tracking was carried out, as is the case with the batch
liquid phase, to evaluate the overall liquid movement induced by
bubbles. Yet, a residence time distribution (RTD) analysis of lig-
uid phase was performed for a relatively weak liquid flow-rate in
order to determine the influence of different types of bubbling on
the model of the liquid flow.

The hydrodynamic characteristics of the liquid are influenced
by the gas flow rate and the nature of the bubbling. The tracing
technique is one of the techniques that can be used to determine
the circulation velocity of the liquid, induced by the gas while con-
sidering that the momentum of the liquid must be conserved.

In the continuous mode in which the liquid is in motion, the
RTD becomes highly effective in quantifying the flow of the lig-
uid. It consists of performing “stimulation” or “excitation” without

tension,V

Z o: 20 40 60 80 100 120
At time,s

Fig. 6. Conductivity signal for pure-water-air system at superficial
gas velocity of 0.56 cm/s.

disturbing the system at the reactor inlet and of recording the
response to the output. The analysis of this response enables the
description of the real behavior of the reactor, by comparison with
theoretical models, which are developed from models of ideal flows.
The results can be exploited for a better modeling of the gas - lig-
uid mass transfer in which the transfer coefficient K;a is an identi-
fied and unmeasured quantity. As a result, the flow model influences
the accuracy of K;a values. The conductivity probes set up axially
in the bubble column section are used to record the tracer con-
centration resulting from the injection of 60 mL of a saturated KCl
solution. The output is considered by the probe placed at 1.5m
above the distributor.
3-1. Tracking for Batch Mode

Water-air, alcohol-air, and SDS solutions are used. The superfi-
cial velocity of the gas varies between 0.056 cm/s and 9.7 cm/s. A
sample of the signals obtained is presented in Fig. 6 showing the
effect of low gas velocity (0.56 cm/s) for the water-air system. A
peak has clearly appeared for the first probe that is closer to the
injection point, whereas the signal of the second probe is amor-
tized because of the dilution of the tracer. However, these signals
could be used to measure the velocity of the liquid by calculating
the variation At, knowing the distance between the two conductiv-

Table 3. Effect of superficial gas velocity on the induced liquid velocity for the water - air system and coalescence inhibitor system

U, (cm/s): U, (cm/s): U, (cm/s): U, (cm/s): U, (cm/s)
U, (cm/s) air-water Ethanol Propanol Butanol SDS
(0.05%) (0.05%) (0.05%) 10°M
0.56 0.16 0.11 0.1 0.1 0.1
29 0.71 0.7 0.35 0.29 0.25
9.7 1.25 1.25 1.2 0.83 0.7
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ity probes. The same trend is obtained for coalescence inhibitor
system (not presented) as for the water-air system. Table 3 shows
the influence of gas velocity on the induced liquid velocity for the
water-air system, and coalescence inhibitor system. It is noted that
liquid velocity increases with the superficial gas velocity, and that
for a fixed gas velocity the average liquid velocity decreases as car-
bon number of the alcohol increases (from ethanol to butanol).
The decrease of liquid velocity is more pronounced for SDS solution.

3-2. Residence Time Distribution (RTD) Measurement for Con-
tinuous Mode

The liquid RTD was also determined by means of the tracer
response technique. Using a low liquid flow rate of 0.27L/s and a
liquid height of 2.15m, a solution of 3 M KCl was injected at the
same injection point as for the batch case (0.5 m from the gas dis-
tributor).

The probe to measure conductivity had previously been cali-
brated so that the tracer concentration could be determined from
the recorded conductivity profile.

To obtain the E(t) curve from the C(t) curve, we divided C(t)
by the integral:

B0 = 20 o)

Io Cie(Ddt

The two characteristic quantities of the distribution, the average (or
mean residence time) and the variance (moment 1 and 2 of the
distribution) are determined by E(t):

Mean residence time: 7= = [t E(t) dt=2t E(t)At (4)
Variance: o7 = [(t- )" E(t) dt=2t" B()At— 4 (5)
The reduced variance is calculated by the equation:
2
#=2 ©)
Y7

The piston model with axial dispersion was used to characterize
the flows in the bubble column. The differential equation repre-
senting the axial dispersion of a tracer is:

9C, ;2 _po’C

o Ve o, @
D is the axial dispersion.

The analytical solution of such an equation [38], considering
the boundary conditions and the fact that our experiment will be
considered with “Open Vessel’, ie., in z=0 and in the measured
point z=L the flow is open to dispersion, is expressed as:

5@ [P -

in which Pe=U L/D is the Peclet number, D is the axial disper-
sion, U is the liquid velocity, L is the length of the considered zone
of the bubble column considered as studied system and 7 is the
mean residence time. Peclet number can also be determined by
using the reduced variance:

el 9) L O=t/r ®)

2 8
7= Pe Pe? ©)

The tank-in-series model can be also used consisting of N reac-
tors perfectly mixed. The solution giving E(t) curve is:

B =% N(IfIN;),e xp| N | (10)

The correspondence between the two models can be used:

Pe:2(N—1)orN:P—29+1 (11)

Experimental data have been fitted to the proposed models using
a direct method (simplex) to obtain the unknown model parame-
ters. MATLAB 7 (The MathWorks, USA) was chosen as the pro-
gramming language. MS Excel was also used, as well as the least
square method. This approach was adopted in the previous work
[39]. The signal recorded by the closest probe to the injection point
show that this signal is not a real Dirac o-pulse signal. The real
curve E(t) was obtained by using two signals and by the convolu-
tion-deconvolution method. To overcome the injection and detec-
tion methods, two measurements of two-level concentrations can
be made in the reactor: x (t) and y (t). If both functions are nor-
malized:

Tx(t) dt= ofy(t) dt=1 (12)
0 0

The outlet signal y(t) is a convolution of x(t) and E(t): y = x*E:

y(t)=[x(t) E(t,—t))dt, (13)
0

If the system is linear, we can apply the Laplace transform L(p) to
x (t) and y (t) to obtain X (p) and Y (p). Thus,

Y(p)=X(p)-G(p);
G(p)=[exp(-pt) E(t)dt (14)
0

The fast Fourier transform FFT [39], can be also used to obtain
E(t):

FT( ®)

E(t):IFFT T

(15)
IFFT is the inverse FFT.

Thus, we could identify all the parameters with good estima-
tion by fitting the models on E(t) instead of y(t). The inlet (posi-
tion 0.5m above the gas distributor) and outlet signals (1.5m
above the gas distributor) were recorded. Figs. 7(a) and 7(b) show
that the signals obtained for gas velocity of 0.56 cm/s and 1.83 cm/
s are disturbed by the passage of bubbles. That is why a smooth-
ing program was developed for a better modeling of the liquid flow.
Fig. 8 shows the signals obtained after the smoothing. The smooth-
ing signals are then normalized.

Experiments conducted for water-alcohol and water-SDS sys-
tems proved that the bubble column behaves as a perfect mixed
reactor in all studied superficial gas velocity in which Peclet num-
ber is between 1 and 4. This result is important for gas liquid mass
transfer because the perfect mixing model could be applied. Even
with relatively low superficial gas velocity, the model fits the exper-
iment with a Peclet number equal to 1.
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Fig. 7. Conductivity signals (Volt): Inlet signal (position 0.5 m), Outlet signal (position 1.5 m). (a): U,=0.56 cm/s; (b): U,=1.83 cm/s.
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Fig. 8. Smoothed conductivity signals (Volt): Inlet signal (position
0.5 m), Outlet signals (position 1.5 m). U,=1.83 cm/s.

4. Gas - Liquid Mass Transfer

Volumetric mass transfer coefficients (K;a) were measured in
tap water, alcohol-water mixture solutions (0.05% v/v), and SDS
solution (10 M) as a coalescence-inhibiting system. Deoxygen-
ation and Reoxygenation method was applied. The oxygene is
removed by introducing 20 g sodium sulfite (Na,SO;) in the pres-
ence of cobalt ([Co**]=0.5 mg/L) as a catalyst:

Na,SO, + %ozc;‘WNazso4

Fig. 9 shows the stages of deoxygenation and reoxygenation.

After each experiment, the solution is renewed and therefore
replaced by a fresh solution.

Even the gas liquid mass transfer is measured for a liquid batch
mode. The results of RTD measurement for low liquid velocity
can be used for batch mode to come up with the conclusion that
the mixing is perfect in bubble column. In this case, the perfectly
mixed reactor assumption is valid. Hence, the concentration evo-
lution of oxygen is governed by the following equation:

dc,

dt Kja(C,-Cp)

(16)
C,: saturation concentration of oxygen in the liquid phase (kg/m’).

The global mass transfer coefficient K;a was evaluated by
experiment. The probe dynamics was taken into account. The pre-
liminary experiment was used to determine the time constant (7=
1/K,) [11]. The dynamics of the probe relative to the actual con-
centration (C;) in the liquid was modeled by a first-order response
which takes into account the delay:

2-Propanol solution 0.05%, Ug=4.28cm/s

12 T T

concentration of 02
,mg/L

T T

Fig. 9. Desoxygenation and reoxygenation stages.
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Fig. 10. Fluctuations of de-oxygenation and reoxygenation curve indicating the perturbation of foam.

‘%’: L(CL—Cp) (17)
Cp: is the concentration measured by the probe with delay. The
first-order differential equation describes the response dynamic of
the probe during the re-oxygenation of the medium. Egs. (16) and
(17) are two-coupled differential ones. To transform these differ-
ential equations to algebraic ones, the Laplace transform is used
with the initial conditions C;=C,=C, at t=0. In general, C, is dif-
ferent from zero, especially in the case of high superficial gas
velocities. In most articles of the literature, C, is taken equal to
zero, which can induce an error for the identification of K;a.

The inverse Laplace is then used to evaluate the measured con-
centration (C,(t)). The obtained result is described by the follow-
ing relation:

1 —K,a.t —Kp.t
= * bl -
C,(D)=( {1 [TI—TJ[TIE T,e ]}

K,C,(0) = —xatr - -
p L( ) [e K, '[—e Kplt]+Cp(0)e Kp.t

(Ka-K,)

(18)

The details of the calculation are presented in the appendix.

K;a was estimated by a parameter-fitting program using the opti-
mization method from the code “fminsearch” contained in the math-
ematical tools of Matlab 7. The identification is deduced by fitting
the simulated and experimental curves. For each experiment, tem-
perature is considered. As mass transfer coefficients are influ-
enced by temperature due to the effect of diffusivity, the measured
K;a at temperature T is converted to K;a at 20 °C according to the
following relation [40]:

K;a (20°C)=K;a (T)-0° " (19)

The value of £is estimated to 1.024

The presence of the foam for propanol and butanol and espe-
cially for SDS as anionic surfactant makes it difficult to measure
Ka for high gas velocity; especially when the oxygen sensor is placed
near the free surface. For high gas velocity, a high volume of foam
is observed, especially for the butanol and SDS. This hinders the
measurement of K;a. An example of deoxygenation - reoxygen-
ation is shown in Fig. 10. The foam disturbance on the K;a meas-

0.06 —-water-air

—o—aqueous ethanol solution 0.05%-air

0.05}F ~“aqueous 2-propanol solution 0.05%-air
—Oo—aqueous 1-butanol solution 0.05%-air
—=-aqueous sds 10 solution-air

4
Ug(cm/s)

Fig. 11. Gas-liquid oxygen transfer coefficient versus superficial gas
velocity. Influence of the carbon chain length of alcohol.

urement is negligible for gas velocity not exceeding 6.3 cm/s.

Fig. 11 shows the increase in K;a versus the superficial gas
velocity. This figure also illustrates that the K;a values decrease as
the number of carbons in the alcohols increases. A pronounced
decrease of K;a is observed with the anionic surfactant (SDS).

In alcohol or ionic surfactant solutions, there is an excessive
concentration of alcohol or ionic surfactant in the gas-liquid inter-
face. A dynamic rise in the surface tension in the gas-liquid inter-
face is induced due to the bubble movement through the liquid. In
that case, a tiny addition of surfactant can strongly inhibit bubble
coalescence and result in significantly smaller bubble size distribu-
tion. The interfacial coefficient a then increases because of this
addition.

On the other hand, the presence of surfactants or alcohol at the
liquid bubble interface decreases the diffusivity of oxygen through
this interface, which reduces the transfer coefficient K.

In the presence of surfactant, the diffusivity of oxygen (D) can
be reduced compared to the diffusivity of oxygen in clean water
(D,,) in such a way that D/D,, equals 0.6 [41]. Therefore, the inter-
facial area increases with the increase in the number of carbons in
the alcohol. This increase is even greater when using anionic sur-
factant (SDS). Hence, the decrease in K;a is due to the decrease in
K; and that decrease in K; is more important than the increase of
interfacial coefficient.

Models were tested to estimate the liquid side mass transfer

Korean J. Chem. Eng.(Vol. 38, No. 5)
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coefficient (K;). First, the double film theory was tested to deter-
mine K;. The mass transfer coefficient may be estimated such as
the convective mass transfer film coefficient:

K;=(D;/d;) Sh (20)

where Dy is the mass diffusivity and Sh is the Sherwood number.
The Sherwood number, the ratio of the convective mass transfer
to the rate of diffusive mass transfer, can be determined by using
the equation [42]:

Sh=2+0.552 Re'* §c** (1)

where Re=U,, dy/1;; U, bubble rise velocity, dp: bubble diameter,
1;: kinematic viscosity; Sc: Schmidt number=1;/Dy; D, is the
molecular diffusion of oxygen in liquid.

This model underestimates the experimental results. Thus, with
this model, we obtain for water, for example: K;a=0.0015 1/s for
U,=1.83 cm/s and K;a=0.0057 1/s for U,=6.3 cm/s.

The interfacial coefficient a is expressed as:

a:6ai . (22)

Then Higbie’s theory was tested. Depending on the nature of
the bubble in terms of full mobility or rigidity of bubble, Higbie's
theory of penetration can be expressed to determine the liquid-
side mass transfer coefficient [43].

For a fully mobile bubble as in the case of pure water, the fol-
lowing expression is used:

mobile 2 |D;U U, 112
gl = |ZLYr 113 /=D 23
L Ja dg d; " @3)

where U, is the bubble - liquid relative velocity (slip velocity).

For the bubble with a rigid surface as in a contaminated liquid,
the liquid-side mass transfer coefficient can be predicted using an
equation proposed by Frossling [42] and Griffith [44] from the
laminar boundary layer theory. In this case, the following expres-
sion is used:

rigi U —
K =0.6 A/d:fDi/3 v (24)
B

By approximating U, by U,/¢, and taking d varying from 4 mm
to 6 mm (average diameter: from photos) for the case of a mobile
bubble and dj varying from 2 to 2.5mm for a rigid bubble, K;
was calculated according to Egs. (22) and (23).

Table 4 summarizes these results showing that the values of K;
decrease as the number of carbons increases. With the values ob-
tained for K;, it was possible to obtain values of K;a close to the
experimental values, especially with alcohols. For SDS, Higbies model
overestimates K;a. This proves that by taking into account the
rigidity or the mobility of the surfaces of the bubbles, Higbies the-
ory can approach the experimental results.

The increase in the surface tension gradient can be taken as an
indication of a strong presence of surfactant or alcohol molecules
at the liquid bubble interface. Therefore, the decrease in K; can be
correlated with this surface tension gradient.

A regression analysis of the data was undertaken to develop a
correlation that can be used for design and scale-up purposes. This
correlation is useful in aqueous solutions of alcohols having a short
carbon chain and in anionic surfactant solution. Data for gas-lig-
uid mass transfer coefficient K;a can be correlated to gas hold-up
and surface tension gradient to represent the effect of the dynamic
surface tension.

The following correlation was found to represent the experi-
mental volumetric mass transfer results in semi pilot bubble col-
umn for both systems (air-pure water, air-water-alcohol mixture
and SDS solution):

1.17| —0.053

K,a=0.0221¢, 4o

dx

Table 5 shows this correlation with standard deviation. The latter
is not exceeding 14%.

A comparison of present values of K;a with available data and
correlations provided in literature is presented in Fig. 12.

For pure water (tap water) and propanol 0.05% aqueous solu-
tions, the values of K;a found by Gourich et al. [45] are in general
slightly higher than in the present work. The internal diameter of
the column used by these researchers is 10 cm, while that used in
the present work is 19.4 cm. Besides, the identification of K;a was
based on a perfectly mixed reactor model without any RTD study

(25)

Table 4. Predicted values of liquid-side mass transfer coefficient (Higbie’s theory)

U, (cms) 10* K; (m/s) 10* K; (m/s) 10* K, (m/s) 10* K; (m/s) 10* K, (m/s)
¢ pure water Ethanol 0.05% 2-Propanol 0.05% 1-Butanol 0.05% SDS 0.001 M
1.83 4.45 0.804 0.79 0.67 0.65
2.94 4.3 0.811 0.71 0.594 0.57
43 4.26 0.827 0.709 0.596 0.58
6.3 4.58 0.876 0.767 0.65 0.6

Table 5. Correlations of K;a for 0.6%<£,<15% (dofdx is expressed in N/m)

Correlation Standard deviation
Ethanol Propan-2-ol Butan-1-ol SDS solution
K,a=0.0221 g;'” do| 0 solution 0.05% solution 0.05% 10 mol/L
dx 13.8% 9% 11.6% 13%
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Fig. 12. Dependence of volumetric mass transfer coefficient on corresponding superficial gas velocity: Comparison of present data with

available correlations provided in literature.

to prove this aspect of the flow.

Similar values were obtained for pure water solutions as found
by Han and Al-Dahhan [46]. They showed that although the K;a
values increased with the operating pressure, the pressure change
from 0.1 to 0.4MPa yielded lower K; values as a result of the
reduced bubble size.

The correlation proposed by Zednikova [47] overestimates the
values of K;a (pure water) of the present work and of those of
other authors. In their correlation, K;a is directly correlated with
U, Kja=1.144 U;*". The tap water used in the present work acts
also as surfactants allowing to a decrease of K; because of the sur-
face tension gradient. So the values of K;a obtained for distilled
water should be higher than those of tap water.

The effect of surfactant (SDS) on K;a in a distilled water sys-
tem and 0.1% tridecane-water system as a function of gas velocity
is also observed in the comparison curves [48]. The correlation
proposed by these authors is: Sh=0.15 Re”” Sc'* Bo™.

Sh: Sherwood number=K;a d3/D,,, D, diffusion coefficient (m?/s).
The influence of surface tension is included in Bond number: Bo=
0,843/ o,

o, interfacial tension of the mixture (N/m)

D density of the mixture (kg/m’)

Re=p,, U, /14, 14, kinematic viscosity (m?/s).

The same conclusion was found by Asgharpour et al. [48].
Thus, with the addition of surfactant to hydrocarbon in the water
system, the mass transfer coefficient decreases. The presence of sur-
factants over a gas-liquid interface increases the interfacial area at
constant gas hold-up (by reducing the average bubble diameter)
but decreases the mass transfer coefficient K; by increasing the lig-
uid phase mass transfer resistance.

CONCLUSION

This study has shown the use of simultaneous pressure and con-
ductivity sensors to obtain the gas hold-up in different zones as a
first step, and then to determine the liquid flow pattern and RTD
in case of a weak liquid flow-rate as a second step. The increase of

the number of carbons in the alcohol and the presence of an anionic
surfactant (SDS) leads both to an increase in the gas hold-up and
to a decrease of induced liquid velocity circulation. The presence
of gas is more important in the zone farther to the gas distributor
(zone II).

The correlation of gas hold-up, considering the effect of surface
tension gradient, represents the experimental results as the stan-
dard deviation is relatively weak in the whole range of the gas
velocity used (from 0.056 to 9.7 cm/s). The determination of the
overall liquid velocity was deduced through the tracer technique
in the case of batch liquid phase, while in the case of continuous
liquid phase, the RTD revealed that the bubble column could be
modeled as a perfect mixed reactor, even at a relatively gas veloc-
ity as the Peclet number is between 1 and 4. The gas liquid mass
transfer coefficient has been discussed in terms of the accuracy of
the estimation of K;a. The results revealed that K;a decreases with
the introduction of SDS and with the addition of alcohol, espe-
cially when the number of carbones in alcohols has increased.

In light of Higbi€’s theory; it has also been proven that the de-
crease in K a was due to a decrease in K; which resulted in a drop
of the bubble rise velocity and the diffusivity when alcohol or ionic
surfactant was added. A correlation based on the dynamic surface
tension has been proposed linking the gas hold-up and the gas lig-
uid mass transfer coefficient to superficial gas velocity and surface
tension gradient.
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APPENDIX

The concentration evolution of oxygen is governed by the fol-
lowing equation:

dC *
d_tL =K(C,-C) 9]

The dynamics of the probe relative to the actual concentration
(Cp) in the liquid is modeled by a first-order response which takes
into account the delay:

dc

T = K(Ci=Cp) @
So:
dC *
L(d—tL) —L[K,a(C,~C))] 3)
pC.(p)—Cy(0)=K;a:[L(C,) - L(C,(1))] @
K;a- c
——+C(0)
Ci(p)= P +_KLa ©)
dc
L(EE) =L[K,(C,~-C))] ©)
PCP(P)_CP(O):KP[CL(P)_CP(P)] )
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Kp-Cr(p)+Cp(0)

Cp(p)= P+K, ®

The expression of C;(p) (Eq. (5)) is introduced in Eqg. (8):

*

K,-K;a-C
Sptyat +K,C,(0) C.(0)
Celp)=—-F +o=2 ©)
(p+Kp)-(p+K;a) (p+Kp)
Ky-Ka-C K,C,(0) C,(0)
C = 10
)= oK) (6K pprKp): (pr K | (prKp)
The inverse Laplace transform allows us to:
L Kp-Kja-C 1! 1
p-(p+Kp)-(p+K;a) [p(1+T,p)(1+T,p)] -

1 -tIT, —t/T,
_{1_<T1—T)(Tle T,e )}

with: T,=1/K,a; T,=1/K,

and

d

_KpCy(0)

Ka K, ¢

(p+Kp)

KpCr(0) _ Kp-C(0) 1! 1 + 1
p-(p+Kp)-(p+Ka)] Ka-Kp p+Kp p+Ka

(12)
—Kp-t —Ka-t
—¢€

}

- { €0 }:CP(O)_e_K,,.[

We can deduce:

Cp

K,C(0) [
(K;a-K,)

(13)
—Ka-t —Kp-
—€

1+C,(0)e "
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