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ABSTRACT

Operations involving gas phase dispersed into a liquid phase are frequently encountered
in many industries such as hydrogenation, chlorination, oxygenation, ozonation,
fermentation, absorption, distillation and flotation, etc., in which either gas-liquid
contacting or dispensability of the gas phase play a major role. Unfortunately, the rational
design of gas-liquid contactors or bubble generators is restricted by the limited
understanding of the factors governing the evolution of bubble size, number, and specific
interfacial area particularly in the case of industrial systems where the presence of multi-
components strongly affects bubble breakage, coalescence and their equilibrium. These
crucial issues are believed to control the final values of the bubble size, the specific
interfacial area and the bubble population density.

The parameters used to represent interfacial characteristics, and the models used to
describe the adsorption of surface active agent (SAA) were analyzed to obtain an insight
into what the presence of extra-additives would do in industrial streams. By taking
sodium dodecyl sulfate (SDS) as an example, its static and dynamic interfacial properties
were evaluated and it was found that its adsorption dynamics closely follow the long-
term approximation of diffusion-controlled model. A general method was developed to
determine the static and dynamic interfacial characteristics of various streams.

An experiment for investigating bubble coalescence rate in turbulent pipe flow was
designed based on measuring evolution of the specific interfacial area at two locations
along the pipeline. A broad range of operating conditions (i.e. 0.008 < ®g < 0.5,4 < g, <
26 w/kg, 25 pm < djp < 8,700 pm, and SDS concentration range of 0 - 50 ppm) were
investigated. Three bubble coalescence rates were developed based on the temporal rate
of variation of Sauter mean diameter, specific interfacial area, and bubble population
density and the resulting findings were discussed in terms of hydrodynamic factors
(inctuding gas hold-up, energy dissipation rate and bubble size) and interfacial properties.
The bubble coalescence rate was found to increase as the gas hold-up and the energy
dissipation rate increase, and decrease as the bubble size and SAA concentration increase.
Compared to tap water, the normalized coalescence rates were found to decrease
radically by the presence of minute dosage of SAA due to the decisive role interfacial
characteristics play. The exponential format of interfacial parameters can be used to
characterize their effect on bubble coalescence processes, which implies that the
interfacial characteristics affect the bubble coalescence through influencing coalescence
efficiency which leads to decreasing bubble coalescence rate in gas/liquid turbulent flow.
A theoretical collision model was adapted to the case of bubble coalescence rate in
turbulent two-phase flow in pipes, and the resulting expression was found to apply not
only to pure water system but also to contaminated streams displaying surface activity.
The use of different interfacial parameters (such as the static surface tension, surface
pressure, Gibbs surface excess and surface excess based on long-term approximation) to
explain how SAA retards bubble coalescence rate was evaluated and it was found
although the dimensionless forms of these interfacial parameters are correlated with
bubble coalescence rate for SDS aqueous solutions to the similar degrees, the surface
excess based on the long-term approximation could prevail due to its revealing the
underlying mechanism of coalescence hindrance.
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Factors affecting bubble dispersion and sparger performance were systematically
investigated though the use of a 25.4 mm pipe loop in which liquid velocities of up to 3.2
m/s, and gas holdup varying between 0.008 and 0.5 were tested. Trace dosage of either
MIBC or SDS was added to simulate the industrial streams. The use of novel dynamic
spargers results in the formation of large interfacial area of contact (up to 5,400 m*/m”)
and small bubbles (d3; down to 25 um). The efficiency by which dynamic spargers utilize
energy for the formation of interfacial area was found to be one order of magnitude
higher than that obtained in mechanically-agitated tanks and traditional pipe nozzles, and
more efficient than some of the commonly used static mixers operating at the same power
input per unit mass of the stream processed. The interfacial area and the Sauter mean
bubble size can be predicted by using correlation equations for MIBC and SDS aqueous
solutions.
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CHAPTER 1 INTRODUCTION

Many industrial processes include operations in which gas phase is dispersed in a liquid
phase with or without suspended solids. Such multiphase contacting apparatuses have
great applications as reactors in chemical and biochemical processes including
hydrogenation, chlorination, oxygenation, ozonation, fermentation, etc., and in separation
processes such as absorption, distillation and flotation. In many cases, the overall
performance of such units is limited by the rate of mass transfer between the phases,
which is strongly dependent on the interfacial area of contact. The interfacial area is, in
turn, determined by the volume fraction of the gas phase and by the bubble size and its
distribution, both of which are strongly influenced by the hydrodynamic and interfacial

characteristics of the multi-phase system.

The importance of bubble breakup is obvious since the breakup of the gas into smaller
bubbles results in the formation of larger interfacial area between the phases. However,
bubble coalescence emerges as a determining factor that controls the evolution of bubble
size and size distribution in naturally occurring and man-made gas-liquid dispersions.
Coalescence is strongly influenced by the presence of electrolytes, surfactants, or any
other third that exhibits surface activity. The bubble size, the interfacial area and the
bubble population density are therefore strongly influenced by system properties,
particularly by its interfacial characteristics. Although extensive studies on the
hydrodynamics and mass transfer in multiphase reaction have been reported in the
literature, variations of bubble size and size distributions due to varying system properties
cannot be easily predicted. This is mainly due to the limited understanding of the

mechanism of bubble break-up and coalescence in impure systems.

There are a number of investigations that deal with gas-liquid contacting in which bubble
coalescence takes an important role, however this role hasn’t clearly been stated.
However, the effect of additive concentration, or interfacial tension, on the coalescence
time is well investigated for the interaction between two adjacent bubbles as well as in

the case of foam formation and destruction. Obviously the hydrodynamics of those two



cases are so different from industrial processes such as the bubble evolution occurring in
bubble columns, mechanically agitated tank or turbulent pipelines but the insight they
provide may be used as a first approximation. It is not clear how the interfacial properties
except the concentration and the surface tension of contaminated streams influence the
bubble coalescence, which interfacial parameters are responsible for this influence. There
is no general agreement concerning the mechanism by which these phenomena are
influenced. A significant part of the uncertainty associated with the design and scale-up
of gas/liquid contactors arises from a lack of fundamental understanding of these
counteracting processes and how they behave in industrial situations where the presence
of third components can strongly affect the overall behavior of the system. Better
understanding of the role surfactants play in bubble dispersion/coalescence could lead not
only to improved process efficiencies, but can also provide a more rational basis for

contactor design.

This thesis was therefore undertaken with the objectives of determining the factors that
influence bubble dispersion and coalescence in turbulent pipe flow and characterizing the

role of interfacial properties in bubble coalescence process.

The state of the knowledge concerning the factors affecting bubble breakage and
coalescence are reviewed in Chapter 2 (Literature review) whereas details concerning the
experimental setup, systems used and methodology of computing relevant parameters are
presented in Chapter 3 (Experimental). Knowledge conceming the kinetics of
diffusion/adsorption of surface activate agent (SAA) on gas/liquid interfaces is needed in
order to understand the hydrodynamic and interfacial factors affecting film
drainage/stability and bubble rupture/coalescence. An in depth analysis of the static and
dynamic interfacial characteristics of dilute aqueous SDS solutions (the system used in
the present investigation) was undertaken in Chapter 4. This knowledge was used to
develop reliable values for static surface tension, surface pressure, Gibbs surface excess,
dynamic surface tension, diffusivity, surface excess based on long-term approximation,
that are able to well describe the data generated in this investigation, as well as those

reported by other investigators.



Using the experimental data of the specific interfacial area, as well as the Sauter mean
diameter and bubble population density derived from such measurements, the bubble
coalescence rates were computed and the effect of various hydrodynamic and interfacial
parameters were analyzed in Chapter 5. A theoretical collision model was adapted to the
case of bubble coalescence in turbulent two-phase pipe flow. It takes into account the
effect of hydrodynamic factors (gas holdup, turbulent energy dissipation rate, and bubble
size) as well as the effect of interfacial characteristics that were obtained in Chapter 4.
This model was obtained by incorporating the factors affecting coalescence efficiency
and was found capable of correlating bubble coalescence rather well over a five order of

magnitudes.

In Chapter 6, the factors affecting bubble dispersion and the performance of dynamic
spargers are analyzed. It was found to be capable of generating large interfacial area of
contact, and very small bubbles, when bubble coalescence is hindered by the presence of
SAA. It was also found to be more efficient than some of the commonly used static
mixers operating at the same power input per unit mass of the stream processed. The
interfacial area and the Sauter mean bubble size can be predicted by using correlation
equations for MIBC and SDS aqueous solutions respectively. Finally, overall conclusions

are drawn in Chapter 7.



CHAPTER 2 LITERATURE REVIEW

2.1 Hydrodynamics of Gas-Liquid Pipe Flow and Gas Distributors

2.1.1 Gas-Liquid Pipe Flow

The problem of two-phase concurrent gas-liquid flow in pipelines has become of great
concern to engineers in recent years. This type of flow is encountered in an increasing
number of important situations, and a clear understanding of the rates of transfer of
momentum, heat, and material in such systems is required for proper design and
operation of a wide variety of chemical engineering equipment and processes. Two-phase
pipeline flow is commonly encountered in the production and transport of crude
petroleum and petroleum products. It is also encountered in the operation of many heat
transfer equipment such as steam generators, refrigeration equipment, evaporators, and
partial condensers. A growing number of such potential applications can also be found in

the wastewater, metallurgical and mining processing industries.

Most of the investigations dealing with concurrent gas/liquid two-phase flow focused on
the hydrodynamic conditions and the ability to predict flow patterns, pressure drop, and
volume fractions of the phases. Mass, momentum, mechanical energy, and total energy
balance equations are usually considered first and used as a framework in which to
interpret experimental data. The most reliable prediction of multiphase behaviors
generally requires the use of experimental data or correlations. Mechanistic models were
developed by Bamea, et al. (1985, 1993) and Taiteland, et al. (1980, 1997) and used to
predict flow pattern. For fully developed incompressible co-current flow of gases and
liquids in vertical pipes, it showed a reasonable agreement with experimental flow

pattemns.

Detailed studies of void friction and velocity profiles were performed by Ganchev and
Peresadko (1985) and Wang, et al. (1987). Nakoryakov, et al. (1996) studied gas-liquid
bubbly flow in vertical pipes and found that all the velocity profiles were deformed to be
more blunter as compared to a single phase parabolic profiles. Many investigations

dealing with the flow behavior of gas-liquid mixtures are based on the use of the




Lockhart-Martinelli parameter (Lockhart and Martinelli, 1949) which is essentially
expressed as the ratio of the two-phase pressure drop to that obtained in the case of single
phase (the continuous liquid phase) flow. This approach was successful for many
conditions, as discussed by Barocsy (1966), Chisholm (1978), Chen and Spedding (1981)
and Marie (1987). In contrast to the case of a liquid flow, the flow of gas-liquid mixtures
under bubbly flow conditions undergoes significant acceleration along the tube as the
critical choking point is approached. This has been discussed in detail by Davis (1974)
and Herringe and Davis (1978).

Whilst the application of mixing length considerations to two-phase flow has been
discussed by Beattie and Whalley (1982), the main body of experimental observations
relating to two-phase pressure drop and wall friction has been obtained for flow in
smooth tubes. The experiments with rough and smooth pipes by Jensen et al. (1985) and
Davis (1990) have shown generally similar increases in the wall friction factor due to
bubble addition, and the wall friction was found to increase with increasing void fraction
in the mixture. The smallest bubble size was less than the turbulent buffer layer thickness
for both rough and smooth wall tubes, and it was therefore to be expected that the wall

friction would be modified to some extent by the presence of the gas phase.

2.1.2 Gas Distribution

In general, gases are introduced through distributors where bubbles are generated to form
gas-liquid two-phase flow. Characterization of sparger performance is thus of concemn to
many fields, such as chemical engineering, mineral processing and agriculture
engineering (Mikekiilineni and Kinickle, 1985; Xu and Finch, 1989; Al Taweel et al.,
1995). In the case of spargers used for flotation columns, several empirical and analytical
relationships, relating the bubble size generated to the operational variables, have been
reported by several investigators (Ahmed and Jameson, 1985; Szatkowski and
Freyberger, 1985; Szatkowski, 1987; and Ramadan, 1996). The behavior of gas-liquid
turbulent jets received considerable attention with the early work being reviewed by
Abdel-Aal et al. (1966) and Goldschmidt et al. (1971). Past analysis of gas/liquid jets was

based on the classical integral models of single-phase flow, e.g. Turner (1969), Chesters



et al. (1980) and McDougall (1978), this was efficient for gaining a general
understanding of bubbly jets.

The purpose of using spargers is to generate fine bubbles which provide large interfacial
area of contact and/or provide liquid agitation within the vessel. Spargers are usually
divided into two main categories namely, static and dynamic. The former includes
perforated plates, porous plates and simple tubes, whereas the latter, in which gas is
dispersed by the kinetic energy of a liquid stream, includes jet ejectors, venturi jets, two-
phase venturis, and slot jet spargers (Ramadan, 1996). The perforated plates provide high
gas throughputs but generate relatively large bubble sizes that, in turn, produce small gas
holdups and interfacial areas of contact. Porous spargers may be made of glass, ceramics,
metal, and plastics and produce small bubbles with a narrow bubble size distribution.
Unfortunately, they have limited gas throughputs and tend to plug when used in
conjunction with slurries. In the case of simple tube spargers, the bubbles are formed as
soon as the gas jet begins to break up and the ascending bubbles are exposed to the
mechanical shear action present in the bulk of the liquid. They are, however, not as
effective as perforated and sintered plate alternatives, as both gas holdup and interfacial

area were rather low (Deckwer, 1992).

A dynamic sparger system can be used to obtain a high level of gas dispersion. The
motive jets create a high-energy dissipation zone in which the gas breaks up into small
entities. The use of jet ejector offers the advantage of being able to simultaneously suck
the gas into the system as well as dispersing it in the liquid. As a result of a large amount
of motive liquid being used for mixing and distribution of gas, the injector-type spargers

provide a bigger total exchange surface for the same level of energy input.

Two phase gas-liquid ejectors were used for gas distribution in many gas-liquid
operations such as: processing of natural gas to remove H,S or CO,, hydrogenation,
chlorination, direct-contact heat exchangers, pressure-suppression devices, gas mixing
and dissolution systems, wastewater treatment, bubble breakwaters, ice prevention

systems in harbors, oil-well blowout, reservoir destratification and the confinement of



spills (Grosz-Roll, 1972; Mutsakis, et al., 1986; Rader, et al., 1989; Zahradnik et al.,
1997).

Spargers have been proposed for generating small bubbles that can enhance performance
of flotation devices. In this case, it is important for the sparger used to be able to provide
bubbles of the desired size (and size distribution) in order to meet changing processing
requirements. In addition, they should also be robust, easily maintained, exhibit little
tendency to be plugged. Unfortunately, little information is available concerning sparger
performance and most of the data reported in the literature were obtained using pure
liquids, although it is known that up to 15-fold increase in interfacial area can be obtained

in the presence of coalescence-hindering material (Cheng, 1994; Al Taweel et al., 1995).

The benefits obtained by using better gas dispersion devices were exemplified by the
findings of Fregapane, et al. (1999) who reported significant improvement in acetic acid
fermentation rate using a novel type of gas-liquid dynamic sparger in conjunction with a
100-L industrial scale bubble column reactor. A linear relationship was obtained between

overall productivity and kya with different operating conditions and fermentation scales.

2.2 Mechanism of Bubble Breakage

The gas-liquid contacting devices have major applications as reactors in chemical and
biochemical processes (Ramachandran and Chaudhari, 1983; Schugerl et al., 1977,
Doraiswamy and Sharma, [984), as well as in separation processes like absorption and
distillation. The performance of the reactors is often dependent on the rate of gas-liquid
mass transfer in addition to other mass transfer steps and reaction kinetics. The former 1s
controlled by the interfacial area in the reactor and the mass transfer coefficient. One of
the most important parameters influencing the interfacial area of contact in multiphase
systems is the frequency of bubble breakup and coalescence; hence, proper understanding

these phenomena is necessary.

2.2.1 Bubble Breakage

The phenomenon of bubble breakage plays an importaht role in determining the

performance of gas liquid contactors. This topic has been reviewed by Levich (1962),




Walter and Blanch (1986), Hesketh, et al. (1991), Wilkinson, et al. (1993), Zahradnik, et
al. (1997), and Hibiki and Ishii (2000).

Experimental research dealing with bubble breakup can be categorized into three main

groups:

e Breakup of single bubbles (2-7 mm) in a turbulent shear field (Levich, 1962;
Arndt, 1987; Dodd et al., 1988; Frizell and Amdt, 1987; Hesketh et al., 1987;
Killen, 1981; Lewis and Davidson, 1982; Pandit and Davidson, 1986; Sevik and
Park, 1973; Walter and Blanch, 1986; Wilkinson and van Dierendonck, 1990;
Janssen, et al. 1994; Uchida, T. and Iguchi, 2001).

e Breakup of spherical cap bubbles rising in a stagnant liquid (Levich, 1962;
Batchelor, 1987; Grace et al., 1978; Walter, 1983). Breakup of spherical cap
bubbles due to collision with a sphere (Levich, 1962; Frijlink, 1987; Henriksen
and Ostergaard, 1974; Chen and Fan, 1989; Kim and Kim, 1990; Tsuchiya, et al.,
1996; Hibiki and Ishii, 2000).

e Breakup of bubbles in the presence of other bubbles such as those encountered in
bubble columns (Levich, 1962; Otalce et al., 1977; Walter, 1983; Prince and
Blanch, 1990; Zakharov, et al., 1993; Tsuchiya, et al., 1996; Zahradnik, et al.,
1997).

As observed by Walter (1983), a single mechanism of breakup was observed in the
experiments, and most of the breakup events occurred in the isotropic core of the tube.
This mechanism could be modeled by three stages: oscillation, dumbbell stretching, and
pinching off. As a bubble larger than the maximum stable size traveled down the center
of the tube, its surface oscillated and rippled due to the fluctuating pressure forces. The
bubble then stretched into the shape of a dumbbell with two large centers of mass
connected by a thin strand of fluid. This strand was pinched off and two independent
bubbles were formed. The dumbbell-stretching step seemed to be the controlling step and

breakup required a total time of about 25 ms in the case of low flow rates.

Walter and Blanch (1986) further reported that bubble breakup was controlled by

hydrodynamic conditions for the following three cases:



Turbulent Flow: Bubble breakup is caused by fluctuating eddies that tear up the

bubble surface.

Laminar Flow: Viscous shear at the bubble surface will elongate the bubble and

ultimately cause breakup.

Stagnant Liquid: Bubble break-up was caused by surface instabilities and wake

vortices.

Hesketh, et al. (1991), found two types of bubble breakage mechanisms in turbulent pipe

flow,

The most prevalent type of breakage was a result of a bubble undergoing large-

scale deformations,

The second type of breakage appeared to be caused by some type of tearing
mechanism and resulted in a very small volume of gas being torn from the

original bubble.

Bubble breakage was also found to typically result in the formation of two unequal-sized

bubbles. This observation is significant since most theoretical investigators assume that

the sizes formed from bubble breakage were either equal volume or normally distributed

(Tavlarides and Stamatoudis, 1981).

Wilkinson et al. (1993) characterized the bubble breakage in two-phase pipe flow and

their findings can be summarized as follows:

Bubble velocities in horizontal flow were found to be almost equal to the average
liquid velocity, and in vertical pipe flow, the bubble velocity was only slightly

larger,

In vertical pipe flow the bubbles rose into spiral motion from the pipe center to
the wall and back. Presumably, this spiral motion is similar to the spiral motion

that ellipsoidal bubbles show when they rise in a stagnant liquid,
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e High-speed films revealed that the bubble surface oscillated and rippled while the
bubbles were constantly being deformed. Surprisingly, the extremely gross

deformations did not necessarily lead to immediate bubble breakup,

e A part of the bubble lagged behind at the pipe wall causing a deformation of the
bubble, eventually bubble breakup occurred relatively frequently. This was
caused by the shear forces associated with the high velocity gradients and

associated high turbulent energy dissipation rates near the wall,

e Most bubbles consisted of two parts connected by a relatively thin neck. The
"bubble neck" decreased in size as bubble break-up progressed. Furthermore, the
two parts of the bubbles that were connected by the bubble neck did not remain
equal in size. The smaller half progressively decreased in size, implying that gas

was flowing through the bubble neck during the breakup stage.

Their main conclusion that could be drawn from these observations is that bubble
breakup always proceeded through a mechanism in which a neck connects between two
parts of the bubble, but that the formation of a bubble neck is not a sufficient condition

for bubble breakup to occur.

In additional, Miyahara et al. (1991), Stewart (1995) and Tsuchiya, et al. (1996) observed

that the wake could also be considered to be responsible for bubble breakage.

In a summary, the popularly accepted mechanism of bubble breakage in turbulent flow is
caused by bubble-eddy collisions. The second theory is that bubble breakage is
essentially due to instabilities of the bubbles --- the bubbles larger than a critical size are
subjected to breakup and they break all with the same velocity. The third interpretation is
wake effect, i.e. the wake-driven collisions lead to the bubble breakage. The last two are

often applied to laminar flows.

2.2.2 Expressions of Bubble Break-up

Available mathematic description of the bubble breakage is discussed in this section,
such as bubble breakage due to instability, bubble-eddy collision, and also some

empirical correlations.
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2.2.2.1 Taylor Instability

For large spherical cap bubbles, Wilkinson, et al. (1993) showed that bubble breakup
would occur only when a destabilizing force that acted on the bubble was larger than the
capillary force that tended to oppose bubble deformations. The major destabilizing force
was gravity force acting on the bubble interface at the roof of the bubble, which could
lead to the so-called Taylor instabilities. Many photographs that showed large bubbles
splitting due to the formation of a growing indention at the roof of the bubble had been
published to support this mechanism (Levich, 1962; Clift and Grace, 1972; Rowe and
Partridge, 1964; and Walter, 1983). Mathematical descriptions for this type of bubble
breakup have been suggested by a number of authors (Levich, 1962; Grace, et al, 1978;
Batchelor, 1987; Walter, 1983) based on linear perturbation analyses similar to the one
originally proposed by Taylor (1950), and the results of these analyses generally express

the maximum bubble diameter as,

d =c |- 2-1)
max gdpl

where C is a constant, d is the bubble diameter, p; is the density of continuous liquid
phase while o is the static/equilibrium surface tension. For small bubbles, the
gravitational forces are usually neglected in comparison with the surface tension force.
Breakup of these small bubbles is generally expected to occur due to shear stresses in the
liquid, which are generated by velocity gradients. A mathematical description of this
process is extremely complex due to the fact that the dynamic deformation of the bubble
has an influence on the liquid shear flow around it, and the surface tension force depends
on the shape of the bubble and will, thus, also change during bubble breakup and bubble

deformations.

The instability was originally derived from big cap bubbles, but it is one of the
mechanism for small bubble breakage too (Hesketh, et al., 1991a).
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2.2.2.2 Bubble Breakup in Isotropic Turbulence

The most commonly used models of bubble break-up in turbulent flow are based on the
descriptions of Kolmogoroff (1949) and Hinze (1955) but different authors adapted or
extended them to their particular cases. Hinze (1955) suggested that a bubble would
break up if the ratio of the inertial and surface tension forces, expressed in the form of a

Weber number, exceeded a critical value. The critical Weber number is given as,

. plu dmax (2_2)

Since u” i mean-square fluctuating velocity term, We, is obviously a function of the
local flow pattern responsible for the deformation of the bubble. An expression for mean
square velocity can be obtained by considering Kolmogoroff's theory of local isotropic
turbulence (Kolmogoroff, 1949). According to this theory, the primary eddies, of scale
similar in magnitude to the turbulence generating element (for example, the impeller
diameter in stirred tanks, duct diameter in pipe flow) are anisotropic. However, they lose
their directional nature rapidly as they disintegrate into smaller ones in a cascade fashion.
The smallest eddies are statistically independent of the main flow and are responsible for
energy dissipation by viscous effects. In this range of eddies the flow can be considered
to be locally isotropic. Kolmogoroff's analysis suggests that the eddies in the inertial sub-
range are the main contributors to the kinetic energy responsible for bubble breakup, and
that the energy contained in the inertial sub-range of the spectrum is solely determined by

the rate of energy dissipation per unit mass, €. Batchelor (1951) has given an expression

for u’ in this region in terms of € as,
L? = C(E dmax)2/3 (2"3)

The following equation can thus be used to estimate dmax.

3/5

_ (el
dmax = C 2/5 _3/5 (2-4)
&P
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A critical Weber number would exist at the point where cohesive and disruptive forces
are balanced, resulting in a maximum stable bubble size. Levich (1962) postulated this
force balance, but he also considered the balance of the internal pressure of the bubble
with the capillary pressure of the deformed bubble. The dispersed-phase density was
included through the internal pressure force term, and the capillary pressure was
determined from the shape of the deformed bubble rather than the spherical bubble.

Levich's critical Weber number was thus given as,

4 pg 1/3
— 2-5
old (p,) @-3)

max

We cic =

The dynamic pressure force of the continuous phase acting on the dispersed phase was

characterized by Hinze (1955) as,
T= p,u—2 (2-6)

As is the case in Eq.(2-3), the mean-square spatial fluctuating velocity term, 17,
describes the turbulent pressure forces of eddies sized d and is defined as the average of
the square of the differences in velocity over a distance equaling to the bubble or drop

diameter.
Therefore, Levich’s dmax can be expressed as:

We,, .
Crit )0.6 ][ - — ]g 0.4 (2_7)
2 (P Pe)

dmax = [(

These theories predict a maximum stable bubble size for a given turbulent flow field and
fluid physical properties. However, the time required for a bubble to reach its stable
bubble size for a given level of turbulence has not been considered in the development of
gas/liquid dispersion units. As a result, many equipment specific equations have been
obtained by correlating bubble or drop size data without regard for the time that the
bubble or drop have spent in the pertinent turbulent flow field.
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For instance, if a large bubble is placed in a turbulent flow field for an infinite time, it
will break up to bubble sizes smaller than or equal to the maximum stable bubble size for
that particular turbulence level. If the same bubbles were in a turbulent flow field for a
time shorter than that required to break to its stable size then some of the resulting bubble
sizes will be larger than the maximum stable size. In two-phase contactors, there are
active zones in which bubbles will break up, and inactive zones in which the turbulence
level was too low for breakup. In designing two-phase contactors, one must take into
account that bubble residence times in the equipment are of the order of seconds. Bubbles
may only be in the active zone for a fraction of the residence time, and some of the

resulting bubbles will be larger than the maximum stable bubble size.

The first condition for application of the theory of bubble breakage in isotropic
turbulence is that the Reynolds number of the main flow should be sufficiently high that

the flow is fully turbulent; the second one was that,
Le>d> Ly (2-8)

where L. is the scale of the primary eddies and Ly is the scale of energy dissipating eddies
of the viscous sub-range. As an order of magnitude, the dimension L. is usually taken to
be equal to the impeller blade width for stirring tanks (Shinnar and Church, 1960) and
sometimes the diameter of pipes or vessels is chosen for L. in regard to pipes or columns
(Prince and Blanch, 1990; Kawase and Moo-Young, 1990). The energy dissipating length
scale, Ly, is Kolmogoroff length scale, and is approximated by the relation (Hinze, 1975

and Baldyga and Bourne, 1999),
L, =13/4 &1/ (2-9)

where v is the kinematic viscosity of the continuous phase and € is the energy dissipation

rate per unit mass in the region surrounding the bubbles.

Clift, Grace and Weber (1971) reviewed Hinze's theory and concluded that,
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e The total local shear stress imposed by the continuous phase acted to deform a
drop or bubble, and to break it if the counterbalancing surface tension forces and

viscous stresses inside the fluid particle were overcome,

e Due to the ability of bubbles and drops to follow the motion of large and slow
turbulent eddies, only the energy associated with eddies of length scales smaller

than a critical size was available to cause bubble splitting.

e Moo-Young and Blanch (1981) as well as Parthasarathy, et al. (1991) found that
the forces controlling bubble size in stirred vessels are the inertial forces due to
dynamic pressure fluctuations and the surface tension forces. The inertial forces
tended to deform the bubbles but the surface tension forces resist the deformation.
Prince and Blanch (1990) findings for air-water in bubble column also suggested
that bubble breakup occured through bubble interactions with turbulent eddies. It
is believed that eddies responsible for breakup were those equal to or marginally
smaller than the bubble size. Larger eddies simply transported the bubble without
causing breakup, while very small eddies did not contain sufficient energy to

affect breakage.

Experimental studies to determine the breakage time of a bubble in a turbulent flow field
have not been conducted, but an estimate can be made using bubble and drop size data
from pipeline flow. A bubble or drop formed in the introduction zone in a pipeline and
passing in an active zone near the wall (where turbulent energy dissipation is
concentrated) would undergo a series of breakages until the resulting bubble or drop sizes
were less than or equal to the maximum stable bubble size for the active zone (Hesketh,
1987). The time required to achieve the maximum stable bubble size could be estimated
by visual or photographic observations and had been found to range from 1.5 to 11
seconds or even longer depending on bubble size, bubble concentration and dynamics of

fluid flow (Sleicher, 1962; Collins and Knudsen, 1970; Kubie and Gardner, 1977).

The concept of bubble breakage in turbulent flow determined by bubble-eddy collision
has been widely accepted (Lee, et al., 1987; Prince and Blanch, 1990; Grienberger, 1992;
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Wilkinson et al., 1993). However, it appears that the critical Weber number varied among

different authors (Table 2.1).

Table 2.1 Critical Weber number for bubble or drop breakup in turbulent flow

Reference Method Wee

Hinze (1955) Drop breakup 0.6

Sevik and Park (1973) Bubble breakup in liquid jet 1.2

Lewis and Davidson Bubble breakup in liquid jet 4.7
(1982)

Kang and Leal (1989) Theoretical > 6%

* The exact value was found to depend on the type of shear flow

Recently, Risso (2000) summarized the critical Weber number that is applied to the

breakup of either bubbles or drops in his review.

Chen and Al Taweel (1995) used the Weber number to correlate to Sauter mean diameter
instead of the maximum bubble size. It was found to fit the experimental data of bubble
breakage downstream from static mixer (i.e. screen) rather well in the case of gas/liquid

turbulent flow in pipelines.
d32 — 0.577We~04672q)0.667 (%)—0.263 (2_10)

where b 1s bar diameter and M is wire mesh size.

Many other mathematical models either incorporate one or some of the other affecting -
factors into their expressions such as, wake interactions, bubble swarm velocity and the

shape of the bubbles, etc. (Grienberger, 1992; Wilkinson, et al., 1993; Colella, et al.,
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1999), or applies statistic analysis to obtain a sophisticated stochastic model, such as
bubble population balance model (Hesketh, 1987; Colella, et al., 1999; Sirijeerachai,
2002). However, they will not provide any insights of bubble breakage.

2.3 Phenomena and Mechanisms of Bubble Coalescence
In this section, the mechanism of bubble coalescence will be discussed, particular
attention will be given to the process of bubble coalescence, factors that influence

coalescence processes, and the methods used to model bubble coalescence.

2.3.1 Bubble Coalescence Processes

A very limited number of papers addressed bubble coalescence under turbulent
hydrodynamic conditions, instead most papers studied bubble coalescence under limited

agitation conditions. These will be reviewed here,

Although bubble coalescence in turbulent flow is not clear, based on previous
investigation of adjacent two bubble and de-foaming process, the bubble coalescence is

believed to occur in three steps:

1. The approach of two bubbles within a distance of 10-100 pm from each other and
the formation of a thin film between them (usually referred to as the quasi
equilibrium film thickness). The initial thickness of such a film is typicaily 1 ~ 10
um (Lee et al. 1987). This step is controlled by the hydrodynamics of the bulk
liquid phase particularly the extent of energy dissipation (Oolman and Blanch,

1986).

2. In the second step, the thickness of quasi equilibrium liquid film present between
the bubbles is reduced to 0.01-0.1 um (Lee et al. 1987). The existence of capillary
force (due to varying interface curvature), hydrostatic force and disjoining force
leads to bubble deformation and causes liquid drainage at plateau borders. The
process of film thinning is strongly influenced by the interfacial characteristics of
the system such as interfacial tension, viscosity and elasticity as well as the

morphology and properties of the film formed. When the thickness of the film is
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reduced to about 0.1 pum, van der Waals attraction increases the draining rate,

while the electrostatic double layer repulsive force decreases it (Vrij, 1966).

3. On further thinning, the films become metastable and collapse when they reach a
thickness between 0.05-0.01 um (Bhakta and Ruckenstein, 1997). Unstable films
(often called transient films) rupture spontaneously at a characteristic "critical

thickness” of 0.01 um (Mobius and Miller, 1998).

In the process of bubble coalescence, the rate of drainage of the thin liquid film is
believed to be the main controlling step since the rupturing step was very rapid. When the
contact time between the bubbles is less than the film thinning time, coalescence would
not occur and the two bubbles will rebound as separate entities. Therefore, primary
attention has been focused on the analysis of the rate of thinning of the liquid film in an

attempt to understand bubble coalescence behavior.

2.3.2 Experimental Investigation of Bubble Coalescence

Only a limited number of experimental investigations have been reported and the

progress achieved in understanding bubble coalescence behavior is rather inadequate.

The experimental techniques used for measuring the coalescence times are:
e High-speed photographic method
e Zoom stereo microscope technique
e Optical probe/electronic method
» High-speed video technique

e Dynamic disengagement technique.

While the high-speed photographic method has been popularly used for measuring both
the bubble size and coalescence time, the other techniques have been mainly used for

measurement of coalescence times.

Allan et al. (1961) were one of the first to report experimental data on coalescence of
nitrogen bubbles in various liquids by using a zoom microscope. Marrucci et al. (1969)
and Nicodemo et al. (1972) measured the coalescence time for two adjacent bubbles,

which is popular cited results for coalescence studies. Their technique is able to measure
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coalescence times in the range of 1 to 500 ms. Marrucci and Nicodemo (1967) also
determined bubble size in a column by means of a photographic method. They found the
coalescence occurs mainly in the region near the distributor, and the uniform bubble size
is in the rest of the column. Grienberger and Hofmann (1991) also proved that the mean
bubble size increases with increasing distance from the distributor due to coalescence.

The coalescence is also intensified as the gas hold-up increases.

Sagert and Quinn (1976) measured the coalescence time for bubbles of HoS and CO;
formed on adjacent nozzles in water by photographic method. They observed that liquid

film between two bubbles were stabilized due to immobility of the interfaces.

Drogaris and Weiland (1983) studied coalescence time for aqueous solutions of alcohols
and acids, and the coalescence time was measured by visual observation. A wide range of
bubbling frequency (0.01 to 5 s') was measured for different bubble size. It seems
coalescence frequency decreased dramatically with an increase of surfactant

concentration.

Yang and Maa (1984) took pictures for Nj-aqueous surfactant solutions to study the
stretching behavior of a gas-liquid interface. They found the stretching time was from 1

to 500 ms depending on surfactant concentration.

Li and Slattery (1988) detected coalescence times as a function of NaCl concentration in
SDS solutions. Furthermore, they developed models to predict coalescence time and

coalescence efficiency (Li 1990; Liu and Li, 1999).

Rode (1990) measured the gas hold-up in a bubble column, and he found that the gas
hold-up increased substantially in the presence of additives. None of the previous

correlations could predict that change.

Prince and Blanch (1990) have studied the critical concentration of electrolyte beyond
which the liquid film between two adjacent bubbles became immobile. They developed a
theoretical analysis based on their data incorporating Marrucci’s model by taking effect
of inertia and retardation in London attraction between two surfaces of film into account.
The transition concentration that the interface is immobilized is obtained. They also

proposed a phenomenological model for bubble coalescence in turbulent gas-liquid
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dispersions. The predictions of model agreed to the experimental data on air-aqueous
NaCl and Na;SO4 solutions. The results indicated that Na,SO4 is more effective in
reducing coalescence than that of NaCl, but at high salt concentration, the model does not

predict them well.

An in-depth review of the experimental data of the coalescence time data and bubble size,
the theory and mechanism of bubble coalescence was provided by Chaudhari and
Hofmann (1994). The various physical processes involved in bubble coalescence are
identified and their contributions in the case of pure liquids, electrolytes and surfactants

solutions are discussed.

Since then, Chen et al. (1995) studied the effect of SDS concentration on bubble
dispersion and coalescence. They found that the coalescence rate was well correlated by

the following equation,

=mm,e " (2-11)

where m1= (ds2. - dan0), My is a constant that depends on the hydrodynamic conditions,
d3z. 18 the Sauter mean diameter at equilibrium state, and djy i1s the Sauter mean

diameter at initial state.

Gao et al. (1996) carried out an experimental studies on bubble coalescence in a stirred
tank with circulating zone at various vessel diameter of 0.287, 0.495 and 1.1 m
respectively. Bubble size was measured with a dual electrode conductive probe placed in
the tanks. Gas holdup was measured by spillover method. Taking into account the
equilibrium between the surface energy of the bubbles and the energy supplied by
agitation, the model could well predict bubble size and gas holdup.

Weissenborn and Pugh (1995), Pashley and Craig (1997) examined bubble coalescence
behavior in electrolytes and found that the parameter (dcs/dc)2 gave a reasonable

correlation with coalescence behavior.
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Yuan et al. (1997) found there existed a bubble distribution zone (BDZ) in bubble
columns and air-lift loop reactors located above the gas spargers, which was
characterized as a zone with dynamics of bubble coalescence-breakup and enhanced mass
transfer. Kolmogoroff's theory of isotropic turbulence was applied to simulate bubble
coalescence-breakup behavior and the mass transfer coefficient was correlated with

operation conditions.

Zahradnik, et al. (1999) conducted an experimental study aimed at examining the
coalescence phenomena in aqueous solutions of aliphatic alcohols and electrolytes and at
determining the effect of these surface-active compounds on bubble coalescence in
viscous aqueous media with Newtonian and non-Newtonian behavior respectively.
Bubble coalescence in aqueous solutions of alcohols and electrolytes was significantly

hindered by increasing solute concentration

A controlled flow-induced vibration was introduced to investigate the two-phase flow
structure and bubble breakup and coalescence (Hibiki and Ishii, 1999). In case of low
superficial liquid velocity, flow-induced vibration promoted the bubble coalescence but
liquid turbulence energy enhanced by the vibration might not be enough to break up the
bubble. This leaded to the marked increase of bubble size, and the marked decrease of
specific interfacial area. Accordingly, flow-induced vibration changed the void fraction
profile from 'wall peak' to 'core peak' or 'transition’, which increased distribution
parameter in the drift-flux model. For high superficial liquid velocity, shear-induced
liquid turbulence generated by two-phase flow itself might be dominant for liquid
turbulence enhanced by flow-induced vibration. Therefore, the effect of flow-induced
vibration on local flow parameters was not marked as compared with that for low

superficial liquid velocity.

Most recently, the bubble coalescence studies on bubble size evolution along a pipe under
microgravity conditions have been carried out during parabolic flights in aircraft (Kamp,
et al., 2001). Bubble diameter and its distribution in turbulent pipe flow had been
determined from high-speed video recording and image processing. In the absence of

gravity, collisions between bubbles smaller than the integral length scale of turbulence
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are primary caused by turbulence. The model can well predict the experimental data in
terms of the effects of the gas hold-up, the bubble size at the pipe inlet and the liquid

mean velocity on coalescence rate.

2.3.3 Coalescence Models

In most literature, the bubble coalescence rate is studied separately as the collision
frequency and the collision efficiency of which involves two characteristic times, contact
time and coalescence time (Levich, 1962; Ross, 1976; Coulaloglou, 1975; Coulaloglou
and Tavlarides, 1977, Thomas, 1981; Lee, et al., 1987; Prince and Blanch, 1990;
Chesters, 1991; Liu and Li, 1999; Kamp, et al., 2001). The coalescence rate will be the

production of the collision frequency and collision efficiency.
Coalescence rate = Collision frequency x collision efficiency
The following sections will discuss those individual collision characteristics in details.

2.3.3.1 Bubble Collision

Bubble collisions might occur due to a variety of mechanisms such as turbulence,
buoyancy, laminar shear (in the case of laminar flow), or Brownian motion (in the case of

bubble size less than 1 microns).

Buoyancy-driven collision

Collisions can result from the difference in rise velocities of bubbles/drops of different

sizes. The buoyant collision rate was given by Friedlander (1977) as,
f=nin; S (uy; - u,,J) (2-12)

The rise velocity could be expressed as a function of size. Clift et al.(1978) provided the
following expression that covers the size range typical of gas-liquid contactors operating

in the turbulent flow regime:

u, = [(2.140)/ped + 0.505 g d]'” (2-13)




23

Tavlarides and Stamatoudis (1981) pointed out that it should be noted that gravity could
play an important role in collision rates for systems with large differences in density
between the dispersed and continuous phases. For example, Bhavaraju et al. (1978)
developed an expression for the power input to gas-sparged vessels which results from

the expansion of bubbles as they ascend the column from pressure P, to P, at a

volumetric gas flow rate Q:

In(P, /P,)
woop L2 5 oH (2-14
op, PP, 181y )
where,
P =P, +pgH,; (2-15)

The following expression for € was obtained by gravitational driven flows,

o= Qg P, in(P,/P)) (2-16)
Ry (P, —P,)

On the other hand, in turbulent liquid-liquid dispersions with small fluid density

differences, gravity was not an important factor in the collision rate model.

Laminar shear collision

It is well recognized that bubbles preferentially rise through the center of the bubble
column and flow downwards in the outer annular region near the wall. This results in the
formation of high rise velocities in the center and relative low velocities around the wall.
The resulting collision rate (driven by differentia of velocities between bubbles due to

laminar shear) is given by Friedlander (1977) as,

du,
dR

. 4
fg; =nmn,; g(rbi + 77;,')3( ) (2-17)

where U is the liquid circulation velocity and R is the radial coordinate of the column.
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Brownian motion collision

The collision caused by Brownian motion has nothing to do with hydrodynamics of the

fluids, and its collision rate is given by (Ulrich and Riehl, 1982).

/= 21, T
Z 3/1

«, —dj)[ﬁ—%Jninj (2-18)

‘ J

where kg is the Boltzman constant, and T is an absolute temperature. Brownian motion
contributes insignificantly to the collision process due to large bubble or drop sizes in

actual industrial operations (Tavlarides and Stamatoudis, 1981).

Turbulent collision

The primary cause of bubble collisions in turbulent flows is the fluctuating turbulent
velocity present in the liquid phase. Several expressions have been developed to predict
collision rates in multi-phase systems (Abrahamson, 1975; Lee et al., 1987; Prince and
Blanch, 1990; Chesters, 1991; Kamp, et al., 2001) with some of the most common being
derived in a fashion analogous to particle collisions in an idea gas -- kinetic theory of

gases (Kennard, 1938).

Abrahamson (1975) derived collision frequency models based on the kinetic theory of
gas and extended to solid-air dispersion system resulting from: (i) turbulent motion, (i1)
gravity force acting on the particles, and (iii) centrifugal force. Equation Eq. (2-19) was

obtained in the absence of gravitational and centrifugal accelerations

S, =1.25(0.50d, +0.50d ) (u!* +u'*)"? (2-19)

where u;z is the mean squared particle velocity that is related to the mean squared fluid

velocity in term of integral time scale.

William and Crane (1983) presented the collision frequency for intermediate energy
dissipation rate, between particles of water droplets dispersed in air phase in pipe flow.

A series of assumptions were made such as, Stoke’s flow around the particles, no strong
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acceleration due to external force, and isotropic turbulence, the collision rate was derived
as,

' U,L 172 1919
Ji = (gﬂ)l/zngf&ﬂ(‘gim+19}/2)2 thaIfI LR TRV
! 4 7 p,ul ‘ 7 3p, v \2 (9" +8%)

(2-20)

where U/’ is the root mean square relative velocity of two particles, Ly is the longitudinal
scale, and 9 is the dimensionless relaxation time. This model is valid for particles with
velocities which are neither well-correlated not totally independent of each other. The

relative velocity between two particles depends on particle relaxation time.

The problem of using Abrahamson, William and Crane collision frequency model comes
from their expression in term of integral length scale (Ly) that is not well defined, which

restrains their popularity.

Similar to Coulaloglou and Tavlarides’ methodology (1977) of applying Kennard’s
concepts to drop-drop collision in liquid, Lee, et al. (1987) and Prince and Blanch (1990)
derived the collision frequency, f, for non-equal size bubble-bubble collision in liquid
case as,

f:n.n.S“(;tzi +;,2,~)”2 (2-21)

LIS

where n; and nj are the number concentrations of bubbles of radii of r, and ry;,

respectively, u; is the average turbulent fluctuating velocity of the bubble, and S;; is the

collision cross-sectional area of the bubbles defined by,

T
S; = n (ry + Ty )’ (2-22)

Expression for the collision frequency, f, per unit time and volume could be derived if
dispersed bubbles are assumed spherical equal-size and flow in the continuous phase as

(Chesters, 1991),
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f=kund’ (2-23)

where k; is proportion constant and u; is characteristic velocity.

In bubble collision analysis it is customary to assume that the turbulence is isotropic. The
velocity of fluid particles is assumed to be comparable to the turbulent velocity of eddies
having the same length scale of the fluid particle. Eddy motion of this scale is primarily
responsible for the relative motion between fluid particles. Very small eddies do not
contain sufficient energy to significantly affect fluid particle motion, while eddies much
larger than the fluid particles size transport groups of fluid particles without leading to
significant relative motion. The turbulent velocity in the inertial sub-range of isotropic

turbulence is given by (Rotta, 1972),

w=tdg d (2-24)
In general, flow field in the multi phase system is mostly turbulent, in which turbulent
collision frequency models is focus on. Most models are expressed in terms of two
colliding bubble or drop size diameters and energy dissipation rate. Densities and
viscosities of dispersed and continuous phases, and bubble/drop relaxation time have

been expressed in some models.

2.3.3.2 Collision Efficiency

Not all bubble collisions lead to bubble coalescence. When the contact time is less than
the time needed for coalescence to take place, coalescence will not happen. To determine
what fraction of bubble collision leads to coalescence events, it i1s necessary to determine
the value of the collision efficiency. A commonly used expression was developed by

Coulaloglou and Tavlarides (1977),
A=e (2-25)
where,

te: Coalescence time [s]
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ti: Contact time [s]

The competition of those two characteristic times is crucial in order for two bubbles to
coalesce to each other. A tends to zero for large t./t;, which indicates that the coalescence
takes too long to make film rupture, and to unity for small t./t;, which indicates that the

coalescence takes place easily.

2.3.3.2.1 Bubble Contact Time in Turbulent Flows

The time that equal-sized bubbles remain in contact with each other under the action of
turbulence is controlled by the hydrodynamics of the bulk liquid phase (Coulaloglou and
Tavlarides, 1977; Oolman and Blanch, 1986) particularly the turbulent intensity and the
bubble size. High turbulent intensities generate rapid eddies that cause the bubbles to
bounce from each other faster, while large bubbles offer large contact area and stay
longer in contact. Levich (1962) estimated the contact time between bubbles suspended

in turbulent flows to be given by,

t_(d/2)2/3

i 173
&

(2-26)

Consequently, big bubbles present in low levels of turbulence will exhibit long contact

times that favor bubble coalescence.

Coulaloglou (1975) took the contact time as a value that is proportional to the lifetime or

period of an eddy of size (di+d;) < L, resulting in.,

Qm(ﬁj (2-27)

&

where v, is a kinetic viscosity of continue-phase. However, it is physically unreasonable

for large bubbles and small bubbles to have the same contact time.

Recently, based on that increase of surface free energy due to bubble deformation is
made up by reduction of kinetic energy when ratio of radium of flatter dick over bubble

radium is much less than unity corresponding to small Weber number, Chesters (1991)
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derived the following expression for t;, i.e. time from onset of flattening up to the point at

which bubble motion was arrested,

t,=[4p,13p, +1)p,(d/2) 125]" (2-28)
This expression is similar to that for the period of oscillation of a single drop or bubble
and is likewise independent of the amplitude of the deformation. However, it does not

show any dependence on turbulence intensity.

2.3.3.2.2 Coalescence Time

The coalescence time includes time spent for thinning the liquid film and the film

rupturing time, i.e.
te =tn + trup (2-29)

Because the rate of thinning of liquid film or film drainage is believed to be the main
controlling step as the rupturing step is very rapid (Hartland, 1967; Chesters, 1991), most
investigators focused on the film drainage or thinning (#1,) which is often referred to as
the coalescence time. The expressions used to estimate it are quite complicated and differ

significantly based on the various assumptions used.

a) Film Characteristics and Interactions Between Two Bubbles

In order to understand the thinning process of the liquid film, the forces acting on the film
have to be stated clearly. The thickness of the thin aqueous film between two bubbles is

determined by the balance amongst the following forces: sum of the various components

of the disjoining pressure ( » IT), hydrostatic pressure (Py), and capillary pressure (P.) of
Y

the film (Pugh and Yoon, 1994), i.e.,
Pyt P~ S 1T =0 (2-30)

The film capillary pressure, P, is generated by the curvature difference between the
curved interface and the flat region. The hydrostatic pressure, Py, is caused by gravity and
may be neglected for horizontal thin films. The classical Derjaguin and Landau (1941)

and Verwey and Overbeek (1948) (DLVO) theory used for describing the disjoining
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pressure between approaching interfaces can be formulated as the competition of van der

Waal force /7, and electrostatic force /7,,

vdw
DA =11,,+11, (2-31)

Only in the case of thin films does /7 ,, become significant. It can be calculated from the

following expression,

A
= 2-32
6 7h’ ( )

vdw

where A is the Hamaker function of the molecular interactions, weakly dependent on the

film thickness. The value of A is of the order of 10%° J (Israelachvili, 1988).

The widely used approximation for the electrostatic force is (Dukhin, 1995),
11, =64C,RT tanh’ ¢, exp(—xh) (2-33)

where ¢, = ze,i, / 4kT , z is ion valency, e,is elementary charge and x is Debye-HUckel

parameter and C, is electrolyte concentration.

In most cases, when only the electrostatic and van der Waal components were taken into
consideration, the stability of common films in weak electrolyte could be satisfactorily

explained (Mo6bius and Miller, 1998).

However, DLVO theory is only an approximation even in simple systems, for instance, if
there exists strongly hydrophobic interfaces or moderately hydrophilic interacting
interfaces, the theory loses its accuracy. It is therefore necessary to modify the Eq. (2-31)

as,
ZH :lew +He +thc/ (2_34)

where the hydrophobic interaction, /7, ., for two parallel interfaces is described as

(Isaelachvili and Pashley, 1983),

Ce*h 1Dy
7. =— 2-35
hyd 27Z'D0 ( )
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This expression shows that the hydrophobic interaction decays exponentially with
increasing of the distance of the two surfaces (h). For the same reason, if there existed

any other forces, Eq. (2-34) would be modified to fit the specific situation.

In terms of the liquid drainage in bubble coalescence process, it is reported that the main
force responsible for drainage of thin liquid film between static bubbles 1s the influence
of capillary force, van der Waals attraction and electrostatic double layer repulsive,
gravity and also inertial force caused by virtual mass attached with the bubble of high
Reynolds number (Marrucci, 1967; Sagert and Quinn, 1978; Chaudhari and Hofmann,
1994; Kamp, et al., 2001). This process is influenced by the mobility of the bubble
surfaces and the physical properties of the fluid phases (such as viscosity, surface
viscosity, surface tension gradients and differences between density of gas and liquid
phases). Bubble deformation is increasingly resisted at higher interfacial tensions, a
factor that leads to a reduction in the film area to be drained, and hence to faster
coalescence (Pugh, et al, 1997; Liu and Li, 1999). The presence of electrolytes can lead
to the formation of electrical double layer at the interfaces between two bubbles and thus
influence the film draining process. Once electrical double layer is built, the interface of
the film become immobile and the flow of draining film is retarded by the force of
opposite charges attached to the interfaces (the electroviscous effect, Elton and Pickness,
1957). Drainage rate could also be influenced by diffusion processes such as the diffusion
of solutes from the bulk of the liquid to the film as well as from the film to the G/L
interface (Marrucci, 1969). Vrij (1966) observed that when the film thinned drainage rate
slowed down and stable fluctuations grew faster and faster until a critical thickness, h, s
reached where one of the fluctuations grew so fast that film broke (Mobius and Miller,

1998).

b) Film Thinning by Drainage

Liem and Woods (1974) and Sagert and Quinn (1976) examined the process of film
thinning by assuming the surfaces of coalescing bubbles to deform into parallel plates
and they modeled the coalescence process as a film being squeezed from between two
parallel plates. The parallel disc model includes two important film-thinning mechanisms

that will be discussed in detail, i.e. film thinning controlled by inertial forces and film
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thinning controlled by viscous forces (McBride, et al., 1980; Oolman and Blanch, 1986a,
1986b; Lee, et al., 1987; Prince and Blanch, 1990),

Inertial Thinning

When inertial forces are significant, as in the case of turbulent flows, the film drainage is
inertially controlled and the liquid film can be considered to be inviscid. The Bernoulli
equation can therefore be used to obtain a thinning rate equation. It could predict the
inertial thinning time of a liquid film with totally mobile surfaces from an initial

thickness, h;, up to a final thickness, h, (Sagert and Quinn, 1976).
t, =(R/4)p,d/20)"* In(h, /h,) (2-36)

where R is radius of disc that two equal-size bubbles collide and flatten into. It is not a

function of time but proportional of the bubble diameter.

Viscous Thinning

For more viscous continuous systems, the film surfaces are essentially immobile, so
liquid must be expelled from between these rigid surfaces by laminar flow. The thinning
time in the case of immobile film is consequently much longer than that for a mobile
film. The rate of thinning for a flat disc of liquid with partially immobile interfaces was

given by Sagert and Quinn (1976) as,
[t 13041087 =—f’ dnll$h* (4o 1d+ 4, 1 67n° )| (2-37)

where M is the surface immobility parameter and Ap, is the Hamaker constant.

Due to the simple geometry of parallel plate, the thinning and stability of films with
uniform thickness have received much attention in the literature (Ivanov and Dimitrov,
1974; Zapryanov, et al., 1983; Malhotra and Wasan, 1987; Jeelani and Hartland, 1994;
Li, 1994 and 1996). Since such a film remains intact and does not break up during liquid

drainage, the coalescence time was obtained for a film to drain between assumed values
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of initial and final film thickness (Zapryanov et al; 1983; Malhotra and Wasan, 1987,
Jeelani and Hartland, 1994, Li, 1994).

However, for deformable surfaces, Ivanov et al. (1985) discussed the effects of mass
transfer on thinning rate of films for the limiting cases of small and large surface
deformations. The minimum film thickness is initially at the center of the film and then
moves to the rim as drainage proceeds, so that a dimple is formed due to the radial
pressure gradient in the film. Recently, dimple formation between bubbles was
investigated by taking into account of effects of dimpling and surface mobility (Joye et
al., 1992; Li, 1994 and 1996). As the dimple develops, the thinning rate decays at one-
tenth of the initial value predicted by no-dimple model (Chesters, 1991). It is therefore
necessary to consider the different drainage modes depending on the rigidity and mobility

of the interfaces.

For drainage between rigid Colliding particles, the thinning time is given by (Chesters,
1991),

t = (2-38)

th 8 F :Llc
where F is interaction force exerted by one to another. If an approach velocity is given as

(-dh/dt), then the interaction force will be (Chesters, 1991),
3 dh
F=—mud’(—— 2-39
oh md *( 7 t) (2-39)

Film immobility is applicable when the dispersed phase is highly viscous or when high
concentrated surfactant is dissolved in the continue phase thus the dispersed phase is

attached with the surfactant.

For drainage between deformable immobile interfaces, if the deformed portion of the film
is assumed parallel-sided, a similar approach to the above case is applied to yield

(Mackay and Mason, 1963)
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B dh N 3270k’

Zx (2-40)
dt  3udF

It implies that increasing of the interaction force decreases the thinning rate, which is
why the coalescence is favored by gentle collisions. If the gravity is dominant, the

interaction force is given by,

F= —é—ﬂdBApg (2-41)

However, the gravity is not dominant in the case of bubbles suspended in turbulent flows.

For drainage between deformable partially-mobile interfaces, the drainage is controlled
by the motion of film surface that results from the shear stress on the film by the adjacent
liquid. An approximation of quasi-steady creeping flow is applied to yield the relation

between the thinning rate and the pressure variation in the film as (Chesters, 1991),

_dh _ ) (dro/d)*?

2
. Py h (2-42)

For drainage between deformable fully mobile interfaces, the drainage is no longer
controlled by the dispersed phase due to its sufficiently small viscosity, but by the film
due to its deformation and acceleration. The parallel film model for fully-mobile

interfaces, including both viscous and inertial sub-ranges, was solved by Chesters (1975)

as,
dH _ 20 fl_lij o2t _ 20 (2-43)
dt 3ud\ dt 3ud
where
1
H=_ln (2-44)

In the case of bubbles suspended in turbulent flows, the closest drainage case for air-pure

water system would be characterized as fully interfacial mobility and inertial control, to
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which either Eq. (2-42) or Eq. (2-43) can apply. For air-impure solutions, it is arbitrary
to choose one of above equations. Moreover, most of mentioned models do not have

analytic solutions.

Most of coalescence efficiency models also do not include the effect of the drop surface
charge, which has been reported to play an important role Tobin et al. (1990). In a word,
the film thinning is far more sophisticated than what was expected. A comparative
analysis of the various coalescence models was recently completed by Sirijeerachai

(2002).

¢) Film Rupturing Process

Using the hydrodynamic stability theory, the rupture of a free liquid film has been studied
by Ruckenstein and Jain (1974), Sagert et al. (1976), Chesters and Hoffman (1982) and
Chesters (1991). Assuming the lubrication approximation of the Navier-Stokes equations
can be used to describe the motion when small perturbations were applied to the gas-
liquid interfaces, they established a wave-motion equation that allowed one to calculate
the critical wavelength of the perturbations and the time of rupture. If the perturbations
exceed this critical wavelength, the film will burst and the coalescence will take place.
Concerning the rupture of a free thin film, it is important to stress that in real systems the
presence of polar impurities act as surface active agents the presence of which, even in
minute quantities, has a strong stabilizing effect by virtue of the ability to dampen the
waves that occur at a free surface. For this reason, the film rupture time in a pure liquid
was found to be the lower bound value in the case of real systems. In the presence of
surface-active impurities, the time of rupture depends strongly on the surface

concentration of surfactants.

In a summary, when the film is still thick, the thinning usually proceeds rapidly and the
surface fluctuations grow slowly or do not grow at all. When the film becomes thinner,
however, the rate of thinning slows down, whereas the stable fluctuations (if present)
grow faster and faster until a critical thickness h. is reached at which one of the

fluctuations grows so fast that the film breaks.




35

As it is shown that the bubble coalescence rate is the production of the collision
frequency and the collision efficiency, there is not much different for the expression of
the collision frequency in turbulent flow, however, the time ratio of coalescence
characteristic time against contacting characteristic time is different from case to case.
For example, recently Kamp, et al. (2001) developed an equation that includes Weber
number to express the time ratio; their model works well for their experimental data. As
discussed above, there are so many expressions for the coalescence time although that for
contacting time is essentially the same in most situations. This manifests that there 18

inconsistence or even conflict for the expressions of bubble coalescence time.

2.4 Effect of Interfacial Characteristic on Bubble Break-up and Coalescence

In this section, the various interfacial characteristics affecting bubble breakage and
coalescence are briefly introduced and their role in bubble breakage and coalescence

discussed.

2.4.1 Interfacial Characteristics

Generally speaking, the interfacial characteristics are classified into two major groupings:
static, or equilibrium, interfacial properties and dynamic interfacial properties. In the case
of pure systems, there is no significant difference between the two but the importance of
dynamic interfacial parameters have recently gained more attention because of their
ability to account of the presence of impurities present in most industrial processing

streams.

2.4.1.1 Static Interfacial Properties

It is well known that some organic and inorganic substances when dissolved in water are
strongly adsorbed at the interface. As a consequence, the static/equilibrium surface
tension of the solution decreases rapidly with increasing concentration of organic solutes.
The extent of this adsorption is determined mostly by the polarity and asymmetry of the
solute molecule (Myers, 1999). Thus, if the solute is weakly surface active at the
air/water interface, its effect on the surface tension of the water is very limited. Examples

of such solutes are KOH and alkyl xanthates. Other surfactants such as fatty acids,
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alcohols, ethers, ctc., lower the surface tension of their aqueous solutions much more
strongly than xanthates. The change in interfacial tension with SAA concentration
continues but the rate of change decreases with increasing concentration until the
saturation points is reached. The concentration for which surface tension levels off and
attains a constant value is defined as the critical micelle concentration (CMC). When a
solution becomes supersaturated (concentration higher than CMC), it no longer
represents a homogeneous system but forms micelles. Because of its simplicity, the
static/equilibrium surface tension is the most popular parameter to represent the

interfacial property of systems in the majority of published literature.

Gas-liquid contacting experiments with fluids having clean interfaces are relatively rare.
There is evidence of the presence of minute amounts of surface-active agents in all
systems but those purified with the most extraordinary care. These agents can have an
effect on the hydrodynamics indirectly for multi-phase flow and rates of mass or heat
transfer in dispersions. Many unsuspected impurities in a system can have surface-active
characteristics, and even the equipment itseif can supply enough such contamination to

affect the results.

Direct determination of the amount of surfactant adsorbed per unit area of a liquid-gas
dispersion, although possible, was not undertaken generally because of the difficulty of
isolating the region around the interface from the bulk phases including both gas and
liquid (Myers, 1999). Instead, the amount of material adsorbed per unit area of interface
was calculated indirectly from surface tension measurement. As a result, a plot of surface
tension as a function of surfactant concentration is generally used to describe adsorption
at these interfaces. From such a plot the amount of surfactant adsorbed per unit area of
interface can readily be calculated by applying the Gibbs isotherm adsorption equation

that reflects the thermodynamics of adsorption.
In its general form, the Gibbs adsorption equation is given by:

oo L 0o (2-45)
RT 0InC, ‘




37

Sircar (1999) found that the Gibbs Surface Excess (GSE), i.e. I'g, could be used as
primary variable to formulate the general thermodynamic and kinetic models for the

adsorption of components, and adsorption related processes.

There are very limited correlations that can be used to predict a general surface tension
for various surfactants. Reid and Prausnitz (1977) suggested the use of the MacLeod-
Sugden correlation that is based on a homogeneous distribution of the solute. However,
when Jamialahmadi et al. (1992) compared their measured values of surface tension for
alcohol and organic acid solutions to the values predicted using the MacLeod-Sugden
correlation. The deviations between calculated and experimental surface tensions, which
exhibit a maximum around 10% solute concentration depending on the type of alcohol or

acid used, clearly demonstrates that the solute was not homogeneously distributed.

2.4.1.2 Dynamic Interfacial Properties

The equilibrium in which the static surface properties of a surfactant solution exhibits are
not completed instantaneously, the surfactant molecules have to first diffuse from the
bulk to the interface, then adsorb, whilst also achieving the correct orientation. Some

time-related parameters will be discussed in the following section.

a) Dynamic Surface Tension

In many processing applications, the time scale of the process does not allow for
surfactant molecules to reach equilibrium at an interface. Therefore, it is not appropriate
to model such dynamic processes using the equilibrium surface tension. Consequently, it
is important to understand the effect of additives on dynamic surface tension and to test
the possibility of using dynamic surface tension characteristics to accurately predict the
behaviour of gas-liquid contacting processes. The dynamic surface tension of any
particular system describes the variation of a freshly created interface with time, which
results from the diffusion of the SAA molecules from the bulk of the liquid, and their
subsequent adsorption at the interface. It, therefore, represents a non-equilibrium state.
Depending on the nature of the system, equilibrium may be reached within a fraction of a
second, in several seconds, or in hours. Different surfactants exhibit fairly wide variations

in the kinetics of adsorption; for example, short-chain alcohols adsorb at the air/water
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interface in fractions of a second, while alkyl amines require several seconds, and long-

chain sulfates require several hours (Leja, 1982).

Several experimental techniques can be used to determine the dynamic interfacial
characteristics of solutions and its variation with surface age. One of the most commonly
used effective technique is the maximum bubble pressure method in which the variation
of the pressure within a bubble is monitored, by electrical pressure transducers, from the
point of inception until the bubble is detached. The advantages of this approach are high
sensitivity and the low inertia of the pressure transducers (Miller and Fainerman, 1998).
The bubble is formed at the tip of a capillary placed within the liquid system and the
maximum pressure is obtained at the point when the bubble reaches the hemispherical
shape with a radius equal to the radius of the capillary r. The dynamic interfacial tension
at this point can be determined by using the Young-Laplace equation as follows (Kao,

1992; Xue, 1999),
APy = 206 /eqp + Apgh (2-46)

Hua and Rosen (1988) investigated the effect of surfactant concentration and electrolyte
on dynamic surface tension and found that the dynamic surface tension is clearly reduced
with increasing surfactant concentration. They attributed this reduction to the electrolyte

encouraging the migration of the surfactant species to the air/liquid interface.

The reduction of interfacial tension is related to the adsorption/desorption of surface-
active agents at the interface. The kinetics of interfacial tension can therefore be
described in terms of adsorption kinetics. Many kinetic adsorption models based on
diffusion-controlled processes have been used for description of adsorption at the
interface. Vogler (1989) proposed that the time-dependent interfacial tension o(t) is a
composite function of o(Cg)*Cs(t) where o(Cs) is interfacial tension at surface

concentration Cg, while Cg(t) is the surface concentration at time t. The value of o(t) was

obtained by solving the differential equation,

d[o(t)] /dt = {d o(Cs) / dCs}. {dCs(t) / dt} (2-47)
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Vogler (1989) introduced an empirical test function for concentration-dependent

interfacial tension,

E -(AR)
o(C)=o0o.e (2-48)
where A is a constant and R is a relative surface concentration which is calculated from

surface concentration C(t) and equilibrium surface concentration Cs using R = [Cs(t)-

CSE] / CSE. Vogler (1989) applied four different theoretical kinetic models to describe
surface concentration as a function of time and obtained four different kinetic models for
dynamic interfacial tension o(t) as a function of time. Of these kinetic models, Xu (1994)
reported that the model, which is based on the Langmuir formulation, could be
successfully applied to their bitumen-caustic solution systems. The resulting kinetic

equation for his case reads,
E
o(t)=0c exp(A exp(-k 1)) (2-49)
where A is an empirical constant and k; is the Langmuir constant.

In the study of the dynamic interfacial tension between asphaltene-toluene solutions and

caustic solutions, Sheu et al. (1992) used the following dynamic model:
o(®) =7, expl-(B * 12 ]+, (2-50)

where v, is a proportionality constant, and B is a kinetic parameter similar to the diffusion

constant. Equation (2-50) is based on an approach similar to Vogler's, but Gibbs's

isotherm is applied.

Xu (1994) reported that the two equations were suitable models for the interface
adsorption between bitumen in toluene solutions and caustic solutions, but the model
with the Gibbs isotherm was slightly better than the Langmuir model for representing the
dynamic interfacial tension data for this specific system. Therefore, these two adsorption
models can be used to characterize the adsorption kinetics quantitatively. However, at

longer elapsed times, the experimental data points deviated slightly from the kinetic
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model, indicating that at longer elapsed times, when the interface has nearly equilibrated,

the diffusion-controlled mechanism changed to another controlling mechanism.

Hua and Rosen (1988) suggested the following empirical equation to fit the dynamic

surface tension data,

o O-mz_o-_’)_;.;m_ (2-51)
1+@/t)"

where 6, is the surface tension of the pure solvent and o, is the surface tension at time t,
om is the meso-equilibrium surface tension, t* is time for reaching the meso-equilibrium

and n is empirical constant.

Little information is available concerning the dynamic surface tension of SDS solutions.
For example, Woolfrey et al. (1986) obtained the dynamic surface tension of SDS in the
absence and presence of 0.5M sodium chloride. Garrett and Ward (1989) and Fang and
Joos (1996) similarly acquired some experimental results. A bubble pressure tensiometer
based on the principle of maximum bubble pressure (Kruss, Germany) was recently used
to measure the dynamic surface tension of SDS by Hsu et al. (2000). The concentration
range was from 0.4 mM to 10 mM. The relaxation rate of the surface tension was from 72
to 40 mN/s. Under those conditions, the dynamic surface tension was expressed in the

form,

3 at”
Y1+ bt

oc=0 (2-52)
where oy, is the surface tension of water, t is the bubble generation interval time and c is

empirical constant. The constants a, b and ¢ were found to vary with the concentration of

the SDS solution.

b) Gibbs-Maragoni Elasticity
Since there is limited investigation regarding film thinning in turbulent flows, the
analogous theory of foam deformation and collapse is presumed to apply to bubble

coalescence under intensive agitation conditions. If a foam film undergoes a sudden
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expansion in a surfactant-containing system, the expanded portion of the film has a lower
surfactant concentration than the unexpanded portion due to the increase of interface
area. The adsorbed surfactant layer at the interface would then require some time to
restore its equilibrium interfacial concentration. This takes place by diffusion of the
surfactant from the bulk of the liquid as well as along the interface from the surfactant
rich regions to the surfactant deficient ones. Thus, the interface has regions in which the
interfacial tension has changed. The existence of an interfacial tension gradient creates a
force that resists further expansion or contraction. This effect is so called the Gibbs-

Marangoni effect and it imparts an elastic property to the interface (Rosen, 1988).

Following a rapid expansion of a film element, the elasticity of each interface will have
an initial value given by the limiting value for an insoluble monolayer (Lucassen-
Reynders, 1996). After equilibration by diffusion, the final adsorbed concentration is
slightly lower, because the constant total amount of material is now distributed over a
larger interfacial area. The first effect (i.e. the change in interfacial tension with change in
the concentration of the surface-active solute) is known as the Gibbs effect. If the number
of molecules is so low that the surfactant cannot restore the equilibrium interfacial
concentration after deformation, that is Gibbs elasticity (Rosen, 1988; Schramm and
Wassmuth, 1994). The elasticity determined from isothermal equilibrium measurements,

such as the spreading pressure-area method, is a thermodynamic property.

The change in interfacial tension with time during the rapid rate of change of the
interfacial area is known as the Marangoni effect (Marangoni,1872; Bohm and Lyklema,
1974; Isaacs and Chow, 1992). The elasticity, determined from dynamic measurements,
depends upon the stresses applied to a particular system, and can be much more
significant than the Gibbs elasticity. This is termed the Marangoni surface elasticity
(Malysa, 1981; Perez De Ortiz, 1992; Schramm and Wassmuth, 1994; Lyford et al.,
1998). The Marangoni elasticity is significant in dilute solutions, and within a limited

concentration range provided the diffusion time of the solute is not very short.
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¢) Interfacial Viscoelasticity

In the case of interfacial compression/expansion, the presence of an adsorbed layer of
surfactant results in the formation of a gradient in interfacial tension that can slow down
the movement of the interface and the adjoining bulk liquid. There are some interfaces
that show neither pure interfacial elasticity nor pure interfacial viscosity. For example,
when subjected to a force they deform continuously, but when the force is removed they
return spontaneously, though not completely, towards the original shape. Such
viscoelastic behavior was observed by Mysels (1959). The viscoelasticity depends on the
interfacial concentration of absorbed surfactant and also on the rate of change of
interfacial area (Lucassen-Reynders, 1996). When the interfacial expansion rate greatly
exceeds the rate of surfactant adsorption, the elasticity is known as the Marangoni

elasticity (Edwards, 1991).

2.4.1.3 Models of SAA adsorption

Broadly speaking there are three major models for molecular transport and adsorption:
diffusion controlled, kinetic controlled and mixed kinetic-diffusion models. The
diffusion-controlled model assumes that the process of diffusion from the bulk to
subsurface is the rate-controlling step, and that the adsorption from the subsurface to the
interface is very fast. The kinetic model assumes that once the molecule has moved to the
subsurface, there may be an adsorption barrier present which retards molecular
adsorption. This barrier may be due to increased surface pressure, limited empty space at
the interface, steric restraint due to the proximity of other molecules, or re-orientation of
molecules. All those will increase the timescale of the dynamic surface tension decay.
The mixed kinetic-diffusion model reflects the equal weight to the processes of diffusion
and adsorption in the overall transfer of molecules to the interface (Bonfillon et al., 1994;
Ravera et al., 1994; Miller, et al., 1994; Dukhin, et al., 1995; Rosen and Gao, 1995;
Campanelli and Wang, 1998).

The most influential theoretical work was conducted by Ward and Tordai (1946) who
accounted for the diffusion of monomers from the bulk to the interface, and for the back
diffusion into the bulk as the interface becomes more crowded. Both processes are treated

using Fick’s diffusion equation. In the early stages of diffusion, it has been found that the
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back diffusion is not important, and the short-time approximation can be made (Miller
and Kretzschmar, 1991; Joos et al., 1992; Miller et al., 1994; Dukhin et al., 1995;
Campanelli and Wang, 1998). When the diffusion process is near equilibrium, the
subsurface concentration will be closed to the bulk concentration, the long-time
approximation of the general diffusion equation is applicable (Rosen et al., 1995; Garrett
and Ward, 1995; Joos et al., 1996; Joos et al., 1992; Fang and Joos, 1996; Mobius and
Miller, 1998). It is thus possible to obtain values for the surface tension gradient and
surfactant diffusion coefficient from dynamic interfacial tension measurements. A more

detailed analysis and explanation of these phenomena is given in Chapter 4.

In addition to the above mentioned models, some empirical models have been used to fit
the experimental data (Lin, et al., 1996; Steytler, et al., 1998) but they provide little
physical insight into what is really happening. Recent advances in the understanding the
dynamic surface tension and SAA adsorption models are comprehensively review by

Eastoe and Dalton (2000).

2.4.2 Effect of Interfacial Characteristic on Bubble Breakup

Tavlarides, et al. as early as 1970, reviewed the phenomena of bubble breakup.
Wilkinson et al. (1993) and Risso (2000) summarized recent advances in the
understanding of bubble deformation and breakage behavior under the influence of
various flow conditions, fluid viscosities and densities. However, very limited effort was

dedicated to investigating the effect of interfacial characteristics on bubble breakage.

The use of Taylor instabilities to describe bubble breakup have been suggested by a
number of authors (Grace et al., 1978; Batchelor, 1987; Walter, 1983). This concept is
based on the application of linear perturbation analyses similar to the one originally
proposed by Taylor (1950) and the results of all these analyses are generally in a form
similar to Eq. (2-1). According to this result, the bubble stability (or the maximum stable
bubble diameter) would decrease as the surface tension decreases, a conclusion, which is

in good agreement with the experimental data for bubbles in pure liquids.

Walter and Blanch (1986) found that reducing the liquid surface tension by 50% reduces

the maximum stable bubble size by 34% and, correspondingly, increases the interfacial
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area per unit volume. The time required for breakup was found to vary slightly between
bubbles in the same flow field, but the general trend indicated an increase in breakup time
with increasing surface tension. Similarly, Wilkinson et al. (1993) reported that a higher

surface tension hindered bubble breakup for small as well as large bubbles.

Al Taweel and Cheng (1996) studied the effect of interfacial properties on the
characteristics of gas/liquid contacting achieved in tanks agitated by self-aerating
Rushton-type impellers surrounded by a stator. As a consequence of focusing energy
dissipation rate in the small gap between the impeller and stator, large gas holdups (up to
¢ = 0.19) and interfacial areas as high as 4,160 m?’/m® were obtained in slowly coalescent
systems. The results obtained also suggested that surface tension inadequately
characterizes the effect additives had on the dynamic equilibrium between the individual
processes of dispersion and coalescence. Better correlation was obtained by using the

Gibbs surface excess value.

In order to determine the effect of surface characteristics on bubble breakup, a series of

alcohol surfactants were examined by Walter and Blanch (1986). The maximum stable
bubble size decreases as predicted by isotropic turbulence theory (dmax o 00-6) (Levich,

1969) in the case of aqueous solutions containing short carbon chain-length surfactants
(up to octanol). In the case of higher molecular weight and long-chain surfactants (such
as dodecanol, antifoam, sodium lauryl sulfate, and Tween 80) maximum stable bubble
sizes which are much larger than those predicted by Eq. (2-4) were observed. This was
attributed to the fact that Eq.(2-4) ignores the influence of the surface excess and surface
elasticity on the mechanism of bubble breakup. Their results also showed that solutions
having similar surface tensions could have significantly different maximum bubble sizes.
This suggested that factors other than the surface tension (such as surface elasticity)

could play an important role in stabilizing the bubble.
The Surface elasticity can be described as,

oo or

E = =
Oln 4 Oln A

(2-53)
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Two important factors might influence the generation of elastic forces during bubble
breakup; the magnitude of the surface excess limited by the rate of surfactant mass
transfer and the rate of surface replenishment. Since the diffusivities of the surfactants
used by Walter and Blanch were of the same magnitude and all the surface excesses
measured were of the same order of magnitude, it appeared that surface replenishment
might control the surface elasticity. The results also suggest that the surface of the bubble
was rapidly replenished by low molecular weight surfactants ( < Cg ) and more slowly by
longer chain length surfactants ( > Cs ). Surface tension gradients might thus be created
on the surface. However, in a turbulent system the surface region would be well mixed,
resulting in very little mass transfer resistance. A similar observation has been reported in
stagnant systems by Kimizuka et al. (1972) where the interfacial tension of the solution
was found to be time dependent. In a word, short chain molecules are expected to be
more easily adsorbed onto the surface, and thus depict no elastic effects, while long chain
molecules would take longer to properly orient themselves and adsorb at a much slower

rate.

2.4.3 Effect of Interfacial Characteristic on Bubble Coalescence

Although knowledge concerning the effect of interfacial characteristics on bubble
coalescence is rather limited, several reviews addressed the effect of interfacial
characteristics on bubble coalescence and collapse in foam (Aveyard and Clint, 1996;
Bhakta and Ruckenstein, 1997). One of the most comprehensive reviews on bubble
coalescence was made by Chaudhari and Hofmann (1994). They gave the current status
of the theory and mechanisms of bubble coalescence as well as experimental data on
coalescence time and bubble sizes. The various physical processes involved in bubble
coalescence were identified and the roles of electrolytes and surfactants are discussed.
The theoretical models proposed on the basis of different mechanisms were reviewed and
their utility in application to practical systems critically discussed. Hereafter, most work
on SAA influencing bubble coalescence have been done by Zahradnik et al. (1995),
Weissenborn and Pugh (1996), Pugh et al. (1997), Pashley and Craig (1997), and
Zahradnik et al. (1999a, 1999b).
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Influence of SAA Concentration and Surface Tension

Although the static surface tension is popularly used in analyzing several interfacial
phenomena, such as foam stability, collapse and coalescence, film drainage, etc., the
concentration of the surface-active agents was adapted by many researchers to express
the effect of SAAs on bubble coalescence (Marrucci, et al., 1967, 1972; Drogaris and
Weiland, 1983; Prince and Blanch 1990; Zahradnik et al., 1999a, 1999b).

The results of Sagert and Quinn (1978) demonstrated the influence of the alcohol
concentration on coalescence time. The coalescence time was found to be proportional to
the alcohol concentration for low molecular weight alcohols, but proportional to the
square of the concentration in the case of n-hexanol. Their results also showed that the
coalescence time, at a given concentration, increased as the chain length of the solute
increases. Ueyama et al. (1993) investigated the bubble coalescence time as a function of
alcohol concentration (methanol, ethanol, propanol, and amyl alcohol). Their results were

in good agreement with the data of Sagert and Quinn (1978).

The earliest model accounting mass diffusion coalescence time, t,, was proposed by
Marrucci (1969) and Sagert and Quinn (1978). The coalescence time depends mainly on
a dimensionless term (cdl<22/2c5), where d is bubble diameter; o is the surface tension,
while both ¢ and k; are quite complicated parameters that reflect the system properties.
The importance concept introduced is that the ratio of coalescence time to the diffusion
time of liquid film is proportional to this term (cdk,*/26). High value of parameter
indicates diffusion control while, on the other hand, low value of this term indicates that

film thinning is controlling step.

Similar to SAAs, salts in the solutions is able to inhibit bubble coalescence by retarding
the thinning of liquid film between bubble pairs (Marrucci, 1967; Nicodemo et al., 1969;
Jamialahmadi and Muller-Steinhagen, 1990; Prince and Blanch, 1990; Cralg, et al., 1993;
Zahradnik, et al., 1995; Weissenborn and Pugh, 1996; Pashley and Craig, 1997). It is
found that at sufficiently high salt concentrations, the gas-liquid interface between
coalescing bubbles is immobilized by the surface tension gradient resulting from

thinning, which slows down the drainage process dramatically (Marrucci, 1967; Prince
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and Blanch, 1990). The critical concentration of electrolyte required to immobilize the

gas-liquid interface of coalescing bubbles is given by Prince and Blanch (1990),

1/2 -2
C = 1.18[3%% RgTEaa—(:] (2-54)

where C, is transition concentration, B is retarded van der Waals coefficient. Film
thinning time for stagnant bubbles with immobile interface is the order of seconds and
partial mobility to the gas-liquid interface still results in coalescence times of the order of
hundreds of milliseconds (Nicodemo et al., 1969). For salt concentrations lower than the
transition value, thinning times can be calculated by the following thinning equation

(Oolman and Blanch, 1986a),

2 1/2
_@: 8 _ﬂ[f’gj +h2(f‘£+ A}j (2-55)
dt  |R,p,| RT\dC d 6nh

It has been numerically integrated for various bubble sizes with the initial and final film

thicknesses. This model can well predict bubble coalescence time in either NaCl or
Na,SO; solution with a low concentration range. Therefore the coalescence rate can be
obtained by using the coalescence time. However, it may not be applicable in
turbulent systems where the turbulent contacting time is much short, and the

hydrodynamics affect surface properties and the energy of bubble collisions.

Zahradnik et al. (1999a, 1999b) conducted an experimental study aimed at examining the
coalescence phenomena in aqueous solutions of aliphatic alcohols and electrolytes and at
determining the effect of these surface-active compounds on bubble coalescence in
viscous aqueous media with Newtonian and non-Newtonian behavior. Bubble
coalescence in aqueous solutions of alcohols and electrolytes was significantly hindered
by increasing solute concentration and the coalescence percentage exhibited sharp
transition from 100% of bubble pairs coalescing to very low values (less than or equal to
10%) over a narrow concentration range. The transition concentrations of the surface-
active additives, characterizing suppression of coalescence in their aqueous solutions,

were successfully correlated as a function of the surface tension, e.g. the term
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[6"(80/8¢)*], with exponent values n = 1/3 or 1/4 (sometimes 1/6) for solutions of

alcohols and electrolytes respectively.

Influence of Surface Excess Concentration

A very limited number of investigators attempted to use the surface excess to describe
bubble coalescence. Sagert and Quinn (1978) found the bubble coalescence time to be
almost proportional to the surface excess concentration of the surfactants, such as n-
butane, propane, ecthane and ethylene. Drogaris and Weiland (1983) also found the
coalescence time, and the coalescence frequency, could be correlated with the degree of

surface coverage from solute molecule.

According to Gibbs adsorption equation, the surface excess concentration could be
calculated from the change of surface tension with solute concentration (do/dinc). For
dilute solutions, the surface tension fell almost linearly with the bulk concentration and
hence, surface concentration can be considered to be proportional to the bulk
concentration. However, as the bulk concentration increases, the surface excess
concentration increases but in a non-linear fashion due to the fact that the adsorbed
molecules come close together and "condensed" films can be created. At a definite
concentration a saturated monolayer appears and the surface excess concentration
remains unaffected by further increase in solute concentration. The resulting dependence
of bubble coalescence time on the solute concentration is compared with the dependence
of surface excess concentration on bulk concentration in Table 2.2 for the three different

film states.

The common feature of all cases was that coalescence time was proportional to surface
excess concentration. It could therefore be concluded that coalescence times of bubbles
of a defined size present in an aqueous solutions of a given substance were mainly
determined by the surface excess concentration and not the bulk concentration (Drogaris
and Weiland, 1983). It has been also demonstrated by Zlokarnik (1985) that the
coalescence behavior of some aqueous systems can be clearly correlated with the

corresponding do/dc values corresponding to the surface excess value.
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Table 2.2 Comparison of the dependence of surface excess concentration and coalescence

time on solute concentration (Drogaris and Weiland, 1983)

State of surface film Surface excess Coalescence time
concentration
low degree of surface|I'=T_C, te oc C, tg o Co2
coverage
0.5
condensed 3 C, tc e Co
® 1+ C,
saturated r=r, te = const.

Weissenborn and Pugh (1995) assessed the inhibition of bubble coalescence by
electrolytes beyond a critical transition concentration by the relation between transition
concentration and surface tension gradients of electrolytes [d(Ac)/dc], but the correlation
between transition concentration and the parameter [?S(Ac)/éic]'2 was mediocre (R2 =

0.74).

Recently, Zahradnik et al. (1999a, 1999b) studied the effect of surface-active additives on
bubble coalescence in aqueous media. The solutes include organic solvent such as
ethanol, propanol, butanol, pentanol, hexanol, and octanol, and also up to seven different

electrolytes. The suppression of bubble coalescence in their aqueous solutions was
successfully correlated as a function of the term [a”( oo /0c )‘2] for solutions of alcohols

and electrolytes.

In a summary, it can be said that several investigators reach the conclusion that bubble
coalescence time is related to the surface excess within the range of operating conditions
they investigated. Unfortunately, all these investigations were carried out using a pair of
bubbles coalescencing in either stagnant fluids or in bubble columns where the

hydrodynamic turbulence is not known and could not be controlled.
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Influence of Surface Charge

For solutions of ionic surfactants an additional resistance to film thinning exists. The
surface active ions are usually concentrated on the bubble surface due to the electrolyte
adsorption and a surface electrical double layer (with a thickness of 10-100 nm) is
formed. This leads to reducing the coalescence rate due to the introduction of charge
repulsion forces. The fact that coalescence was inhibited by the development of
electrostatic charges on the dispersed bubbles had been verified by several experiments
(Zieminski and Whittemore, 1971; Zlokarnik, 1985; Vrtovsek et al., 1989; Prince and
Blanch, 1990; Pashley and Craig, 1997).

Based on drainage time measurements, Pashley and Craig (1997) developed the
following simple expression for calculating the thickness of the thinning film, h, as a
function of time (t-tg). They considered the case of parallel disks of radius r, with zero

slip condition at the liquid-wall interfaces and obtained,
h={[4P(t —t,)/Gu*)]+1/h;}""? (2-56)

where hg is the initial film thickness at time to, P is the drainage pressure, L is the
viscosity of the fluid. This equation is able to predict film thinning in pure water systems

well.



51

CHAPTER 3 EXPERIMENTAL

This chapter addresses the experimental set-up, details concerning the construction and
operation of the dynamic sparger, the methods used for measuring and calculating the

various parameters, sources of error, and the systems investigated.

3.1 Experimental Setup

The experimental setup used in this investigation is schematically depicted in Fig. 3.1. It
consists of a 9 m pipe loop constructed from transparent polycarbonate piping (25.4 mm
i.d.) that can be used to investigate once-through and recirculating pipeline operations.
The loop contains a vertical section 2.2 m high that was used to study the effect of
various design and operating conditions on gas/liquid contacting but neglecting effect of
gravity. An agitated 1,000 liter polyethylene tank was used to prepare and store the liquid
used in this investigation. This liquid was fed at a controlled rate to the pipeline by means
of a centrifugal pump and its flow rate was measured by a paddle-wheel flow meter
(SIGNET model: MK 309). Superficial liquid velocities as high as 3.2 m/s could thus be

achieved in the main pipeline.

Compressed air was introduced to the flowing liquid stream through a novel dynamic
sparger (the TUNS sparger) located at the bottom of the vertical section. The amount of
compressed air passing through the sparger was measured and controlled using a mass
flow PID controller (MKS1151 supplied by MKS Technology). A small part of the
solution from the tank was branched for dispersion purpose in the two-phase spargers and
was adjusted by a manual valve to maintain the desired pressure drop between the

sparger's inlet and the point of discharge or to keep the flow rate constant.

The interfacial area of contact was measured at a point where the two-phase jet is fully
mixed with the main flow (0.46 m downstream from the sparger tip). The results reported
here may thus be considered as conservative estimates since some coalescence took place
before the measurement point was reached. A laser-based light attenuation technique

(Kasireddy and Al Taweel, 1990) was used to measure the average interfacial area of
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contact along the path of the light beam (i.e. across the pipe’s diameter). This technique
accounts for the multiple scattering encountered at high interfacial areas, and as such is

capable of measuring interfacial areas as high as 7,000 m?/nr’.

On-line specific interfacial area measurement were conducted at a second point (1.74 m
downstream from the first one) in order to provide information that can be used for
calculating coalescence rates in the pipeline under the different experimental conditions
investigated. No detectable bubble segregation was detected in the horizontal or vertical
runs of the flow loop. This can be attributed to the formation of very small bubbles that

exhibit low segregation tendencies.

Centrifugal force was used to facilitate separation of the gas bubbles from the recycled
streams at the main tank (the mixture stream was introduced tangentially). Pressures were
measured at three different locations, at the inlet and outlet of the sparger, and at the top

of the vertical pipeline by means of pressure transducer (OMEGA Eng. Model PX26).

A data acquisition/control system was used to monitor several experimental parameters
(temperature, pressures, pressure drop across the sparger, liquid flow rate, and interfacial
area of contact) and to control the main operational parameter (the gas to liquid flow ratio
in the pipe flow). It consists of a National Instruments data acquisition board (AT-MIO-
16E-10) with 16 analog input channels and 2 analog output channel. A special program
was developed using LabVIEW version 3.0 and LabVIEW PID to calculate the Sauter
mean bubble diameter and allow all monitoring and control processes to be conducted in

a user-friendly fashion.

The dynamic sparger used, and its installation in the pipeline, are shown in Fig. 3.2. The
sparger head is detailed in Fig. 3.3. The sparger is based on the concept of the Venturi-
tube (converging section, throat, and divergent section) in which the cross section of the
circumferential throat can be adjusted by means of a regulating spindle the position of
which can be adjusted along the sparger’s axis. The cross sectional area of the throat
decreases as the conical spindle moves further into the Venturi, and decreases as it is

pulled away from the throat.
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The gas and liquid streams are introduced at the bottom of the sparger and move along
the annular gap between a rod and the inner walls of the sparger tube. The two-phase
flow passes through a packed mixing section that pre-disperses the gas phase into small
bubbles. It then passes through the convergent section where it is accelerated to the
velocity at the entrance to the throat section where most of the pressure drop takes place.
The finely-dispersed gas liquid stream emerging from the throat de-accelerates as it
progresses through the divergent section and ultimately mixes with the main stream
flowing through the pipe as shown in Fig. 3.2. That two-phase jet formed as the jet
coming out from the sparger mixes with the surrounding pipe flow stream is shown in

Fig. 3.4.

The mechanism responsible for the formation of finely-divided bubbles in the two-phase
sparger depends on the operating conditions used. Turbulent breakage in the regions of
high energy dissipation rates encountered in the throat is thus expected to dominate under
conditions where bubble coalescence plays a relatively small role. Cavitation and the
presence of a standing sonic wave are expected to play a role when the two-phase sonic
velocities are exceeded in the throat (large gas flowrates, high pressure-drops across the

sparger, and small cross sectional areas in the throat).

After the extreme small bubbles are formed in the throat, the small bubble could start to
coalesce when they flow through the expanding portion of the sparger. Once the bubbles
produced move out of the tip of the sparger, they will coalesce and grow large

dramatically.

One of the advantages of using this dynamic sparger design is the possibility of adjusting
the size of the gas dispersion generated without interrupting the process operation. This
can be achieved by adjusting the gas to liquid ratio and/or the pressure drop across the
sparger (i.e. the cross sectional area of the throat). However, since the dispersion of the
gas phase takes place mostly in the throat, the size of bubbles generated by the sparger is
strongly influenced by the interfacial characteristics of the stream since the fine bubbles

formed in the region of high energy-dissipation coalesce into large entities as they move
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into regions of significantly lower energy dissipation rates (such as the divergent section

and in the pipeline).

3.2 Sources of Error

By using the laser attenuation technique, a part of discrepancy is due to non-uniform
bubble size; particularly bubble dispersion with wide size distribution would cause more
deviation. The gas holdup is assumed as gas-liquid flow ratio for current investigation,
then the Sauter mean diameter is calculated will produce error too. The statistical bias
stems from the limited bubble number detected through a narrow light path across the
pipe diameter to represent that of the whole cross-sectional area. Those error analysis

were well reviewed by Al Taweel, etc. (1984) and Kasireddy and Al Taweel (1990).

In addition, it is a good practice for two laser sensors to obtain almost the same initial
signals at two locations in order to eliminate the error caused by age difference of the

sensor or illuminators.

The mass flow controller and the pressure sensor would also bring 0.1 and 1% separately.

3.3 Systems Investigated

In order to simulate the coalescence retardation phenomena encountered in most
industrial streams, additives (such as MIBC and SDS ) were intentionally added to the tap
water. MIBC (methyl-iso-butyl carbinol) is a nonionic surface active agent (SAA)
composed of a mixed 6-carbon alcohol. The material supplied by Allied Colloids Ltd. (as
Procol F937) contains about 20% methyl isobutyl carbinol in other organic solvents
including MIBK (methyl isobutyl ketone) and mesityl oxide, the rest being inert
components. The shortcoming of choosing MIBC is not only that the components in
MIBC solution can change from one supplier to another but also the paucity of
information concerning the dynamic interfacial properties of this system (Johansson and

Pugh, 1990; Zhou, et al., 1993).

Therefore, another well-known surface-active agent, SDS (Product No. L5750, made by
Sigma Chemical Co., containing approximately 95% Sodium Dodecyl Sulfate, Ci2Has

SO4Na, based on alkyl sulfate content) whose interfacial characteristics are well-known
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was also used in this investigation in order to enable a better understanding of the role

interfacial characteristics play in gas/liquid dispersion/coalescence processes.

The static surface tension of MIBC aqueous solutions was measured by Rajasekhar
(1983) and its presence in the concentration range of 0 - 100 ppm (ie. 0 — 9.8 x 10
mol/L) was found to reduce the static surface tension from 72.8 to 32.5 mN/m. The static
and dynamic surface tension of SDS aqueous solutions currently used were measured by
(Chen, 1996) and Yang (1996). Its presence in distilled water was found to reduce the
static surface tension from 72.8 mN/m to 44.1 mN/m when its concentration range is
changed from 0 to 50 ppm (0 — 3. 12x10°® mol/L). The effect of SAA concentration on the
static surface tensions is shown in Fig.3.5 for SDS and MIBC.

The static surface tensions were found to decrease with increasing SAA concentrations,
but the trends appear to be different. The aqueous SDS solution exhibits the normal
pattern where its surface tension undergoes rapid reduction in the presence of small SDS

concentration but approaches an asymptote at high concentrations. This follows the
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Fig. 3.5 Static surface tension of SDS and MIBC systems
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trends identified by Mysels (1986) over a decade ago. On the other hand, the
experimentally observed behavior of MIBC solution does not show similar tendencies,
the surface tension decreases slowly as the concentration of MIBC increases, which
agrees to the findings by Johansson and Pugh (1990), Zhou, et al. (1993). It indicates that
different types of SAA exhibit dissimilar interfacial properties. An in depth analysis of
the static and dynamic properties of the aq. SDS solutions is presented in Chapter 4.

3.4 Methods of Parameter Computation and Turbulence Validation

The variables involved and their computation methodology will be discussed in this
section. The measured parameters and computational results are listed in a CD-ROM
attached.

The Sauter mean bubble diameter was calculated from a knowledge of the interfacial area

of contact and the gas holdup at the point of measurement using the following equation,

d}z = 6@ (3'1)

a

and the bubble population density was calculated from,

" = e
1—7251’332

6 (3-2)

Because of the compressibility of the gas fed to the sparger, the volumetric flow rates
passing through the sparger were not directly measured but calculated from a knowledge
of the mass flow rate of each phase and the pressures at the entrance and exit of the

sparger. The total mass flow rate passing through the sparger, Wparger, 18 thus given by,
WSparger =4 x (Qgs/QLp x Upp X 1.293 + Upg % 9982) (3—3)

where A is the cross-sectional area of the pipe on which the superficial velocities are
based, Qgs/QLp is volumetric flow ratio of gas in the sparger over liquid in the pipeline,
Urp and Urg are superficial liquid velocities in the pipe and the sparger measured at

standard conditions. The densities for air and water at standard conditions are 1.293 and
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998.2 kg/m’® respectively. To add the mass flow rate of main liquid stream in Eq.(3-3), it

will be the mass flow rate in the pipeline, which is given by,

Wpipe = A % [Qcs/Qrp * Uppx 1.293 + (Urs +Urp) * 998.2] (3-4)
The gas mass flow rate is given as,

We =A% Q¢s/Qrp > Urpx 1.293 (3-5)
The mass fraction of air in the two-phase flow thus becomes,

x=WgW (3-6)

In general, the gas holdup for dispersed bubbly flow is given by,

x/p, B 1
xlp +U=x)p,  A=01p
x/p,

(3-7)

D= Qc/ (Qc + Q)=

This is a universal equation that can be applied to different locations, such as in the

sparger or in the pipeline, but the gas density, p,, will change accordingly as the

pressure in various locations, whereas, the liquid density, p,, remains practically

constant. For instance, the gas holdup in location 1 1s,

1

D, = 3-8

o= i -
x((p,R/R,)
whereas the average gas holdup in the pipeline will be,

D, = ! 3-9)

e (=) p,
x/(ngPipe /1)0)

For homogeneous flow, the mixture density can be expressed in terms of gas holdup as,
pn=Pp, +(1-D)p, (3-10)

Study of bubble dispersion and coalescence requires knowledge of several parameters

(such as local energy dissipation rate, scales of energy-containing eddies and energy-
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dissipating eddies) besides the value of Reynolds number that characterize the overall

turbulent flow conditions.

Turbulent velocity fluctuations ultimately dissipate their kinetic energy through viscous
effects. From the macro-scale point of view, energy dissipation requires pressure gradient
or velocity decrease. If a small volume, V, is selected for study, the volumetric flow rate
of fluids is, Q, and the pressure gradient is, dP, the local energy dissipation rate per unit
mass of the continuous phase is given by (Levich, 1962; Walker, 1984 and Zahradnik, et
al., 1991),

g:_d_E:_M (3-11)

dt ViQ

The average local energy dissipation rate per unit mass from location 1 (static pressure as

P)) to location 2 (static pressure as P») is calculated as,

[
J-QdP 3 2dP
pV P
123 _ P2 1_
:_KV J(i l_x_)dp:_ WV j( xP + 2 Nap
Py 5 Py P Prr ngF P (3-12)
0
W _xP, pzdP 1—x
=——— (B, —A)]
oV Peo i P P
W _xF, P -X
—[—*In—- (F-h)]

pLV Peo Pz B

where p, is the density of the mixture, pg is air density at 25°C, po is standard

atmosphere pressure. The first term is the contribution made by gas phase whereas the
second term represents the contribution of the liquid phase. As shown by Ramadan
(1996), the relative importance of the first term is small at small gas holdups and low
pressure drops. It was therefore decided to retain both terms while calculating € since gas
holdups as large as 0.5 were encountered in this work. This expression can, therefore, be

applied to the case either in the pipe or in the sparger.
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In turbulent flow, primary eddies which have scales similar to the dimensions of the main
flow stream are produced by mechanical and/or pneumatic forces. These large primary
eddies are not isotropic and are unstable, disintegrating into smaller eddies of
intermediate size. The intermediate-size eddies contain the bulk of the turbulent kinetic
energy and are usually referred to as the energy-containing eddies. The scale of these

energy containing eddies is approximated by (Hinze, 1975),

KD
L,= BN (3-13)
where,
K is von Karman constant = 0.41 (Kamp, et al., 2001).
D is pipe diameter [m]

For the pipeline used in the current investigation, the scale of the energy-containing
eddies is therefore 5.2 mm which is larger than most bubble (typical bubble size is 1.3
mm) encountered in the present investigation. Some investigators such as Prince and
Blanch (1990) and Kawase and Moo-Young (1990) assumed that the size of the energy-
containing eddies to be equal to the vessel diameter, which would be 25.4 mm for the
current investigation and is much larger than the largest bubble (8.7 mm) formed in

current research.

These intermediate eddies eventually break up into smallest eddies and finally into the
energy-dissipating eddies (i.e. Kolmogoroff eddies) which have completely lost their
directional nature and are isotropic. The size of the Kolmogoroff eddies was thus
determined using Eq. (2-9) from which it was found that Ly = 12 - 22 um in the pipeline

for the range of experimental conditions investigated.

To validate the bubble collision model in turbulent flow and determine the turbulent
velocity, it is necessary to assume that the turbulence is isotropic and the bubble size lies

in the inertial range. This criterion is typically examined in terms of three scales as,
L, <d, <L, (3-14)

The bubble size range for the current investigation is of 25 um - 8.7 mm for the

combined system of air pure water and air-SDS aqueous solutions (which has a typical



64

bubble size of 1.3 mm) whereas it varied between 25 pm and 4.0 mm for the air- aqueous
SDS solutions (with a typical bubble size of less than 1 mm). These sizes are, therefore,
larger than the Kolmogoroff scale (12 or 22 um) and smaller than scale of the energy

containing eddy (5.2 mm or 25.4 mm).

Generally, in turbulent pipe flow with high Reynolds number, the velocity profile in
radial coordinator appears as low velocity near the wall and almost uniform high value of
the velocity around the core. The radial profile of the local energy dissipation rate is
opposite, which there is high value of the local energy dissipation rate near the wall but
homogeneous low value in the rest and also most of cross-sectional area (Hinze, 1975).
Therefore it is homogeneous in almost all over the cross-sectional area in terms of the
energy dissipation rate, even in anisotropic turbulent flow, those small bubbles just like

the small eddies often behave in an isotropic manner locally.

3.5 Experimental Conditions

The performance of dynamic spargers is strongly influenced by bubble breakage and
coalescence rates which, in turn, are influenced by four main operating parameters:

e gas to liquid flow ratio in the sparger,

e pressure drop across the sparger,

e liquid flow rates in the sparger, and

e the coalescence tendencies of the system which, in turn, are influenced by the

SAA concentration (Luo et al., 1998).

The pressure drop across the sparger is controlled by both the cross section area of the
throat in the sparger and by the liquid and gas flow rates passing through it. The ranges of

experimental conditions investigated are summarized as follows:

Superficial liquid velocity in pipeline(UL) 02-32m/s
Gas holdup in pipeline (mean value of 0.14) 0.008 - 0.50
Sparger to pipeline liquid flow ratio 0.05-0.27
Reynolds number in pipeline 5,000 — 80,000

Energy dissipation rate in pipeline 4.5-48 W/kg
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Kolmogoroff scale in pipeline (L) 12 —~ 22 pm

Scale of energy containing eddies (L) 52-254mm
Bubble size in pipeline (d3») 25— 8,700 pm
Average energy dissipation rate in sparger 8.4 — 1,900x10° W/kg
Average Kolmogoroff scale in sparger 1.5-3.3 pum

Cross-sectional area of annual channel in sparger throat 1.5-17.7 mm’

Gas holdup at sparger tip (mean value of 0.56) 0.08-0.93

MIBC concentration in the tap water tested 0— 100 ppm

SDS concentration in the tap water tested 0 —50 ppm

Static surface tension in the aqueous MIBC solutions 32.5—-72.8 mN/m
Static surface tension in the aqueous SDS solutions 44.1-72.8 mN/m
Weber number (mean value of 2.0) 0.003 - 29

The performance of the sparger was evaluated using both MIBC and SDS aqueous
solutions whereas the effect of hydrodynamic and interfacial characteristics on bubble

coalescence process was evaluated using the well-known SDS system.

In order to test the effect of every individual parameter (such as the gas-liquid flow ratio,
or the pressure drop between the sparger, etc.), different operating combinations were
selected. The sparger performance tests for MIBC solutions (108 Runs) were conducted
while maintaining a constant pressure drop across the sparger, whereas constant gas-to-
liquid flow ratio was maintained throughout the sparger performance tests for SDS
solution (388 Runs). The latter, were also used to investigate the role of interfacial

characteristics in bubble breakage and coalescence processes.
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CHAPTER 4 INTERFACIAL CHARACTERISTICS OF THE SYSTEMS
STUDIED

The presence of minor quantities of impurities in processing streams is known to strongly
influence multiphase contacting with up to 80-fold increase in interfacial area being
observed in gas-liquid contactors (Zlokarnik, 1985; Jamialahmadi and Muller-
Steinhagen, 1992; Al Taweel and Cheng, 1996; Zahradnik et al., 1999). This is mostly
due to the ability of these impurities to significantly affect the interfacial characteristics
of the system which are very important factors governing bubble breakage and
coalescence rates. However, identification of the role these interfacial characteristics
plays remains a challenge particularly in the case of industrial streams that contain a

multitude of polar surface-active ingredients.

This chapter attempts to systematically characterize the interfacial properties of the
streams used in this investigation (very dilute aqueous solutions of SDS or MIBC) as a

means of simulating the interfacial behaviour of industrial systems.

4.1 Background

In this section, the theories used to interpret the interfacial properties will be summarized
and the approaches used to analyze the adsorption of surfactant onto the interface will be
discussed. Practically both static and dynamic parameters commonly used to express the

interfacial characteristics will thus be covered.

4.1.1 Static Interfacial Characteristics

The interfacial properties of gas/liquid systems are usually characterized using
equilibrium, or thermodynamic, properties such as the static surface tension, G, surface
pressure, I1, or the Gibbs surface excess, I'g. The value of the static surface tension is a
reflection of the fact that the attractive van der Waals forces between molecules in a
liquid are felt equally by all molecules except those in the interfacial region between the
dispersed and continuous phases. This imbalance pulls the molecules of the interfacial
region toward the interior of the liquid and the resulting contracting force at the surface is
known as the surface tension. The static surface tension, Og., is thus defined

thermodynamically as the free surface energy per unit area when equilibrium is reached.
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It is also defined as the force per unit length (measured at equilibrium) trying to minimize
the interfacial area of contact, an approach that illustrates the fact that area expansion of

the surface requires energy input.

The value of the surface pressure, I, is a reflection of the fact that the free surface energy
per unit interfacial area (measured under equilibrium conditions) is generally reduced
when surface-active agents are present in solution. It is, therefore, defined as the surface

tension of the pure solvent minus that of the surfactant solution measured at equilibrium.
=0,-0, 4-1)

It yields information about the tendency of the surface-active molecules to adsorb at the
interface as well as the ability of these adsorbed molecules to reduce the free surface

energy of the interface.

The amount of SAA species adsorbed per unit area of the interface can be calculated
indirectly from equilibrium measurements of the effect SAA bulk concentration has on
the value of the static surface tension. This parameter is usually referred to as the surface
excess, I, which can readily be calculated by using the Gibbs isothermal adsorption

equation,

C
— _ 0 ao—.s'ta) (4_2)
RT' &C,

If the surfactant is ionized, both the anions and cations of the surfactant will adsorb to the
interface to maintain the local electrical neutrality even though not all of these ions are
surface-active. A factor of 2 is required to allow for this simultaneous adsorption of
cations and anions, and the Gibbs equation has to be modified as (Shaw, 1988),

— C() ( ao—yla

= 4-3
2RT ac(,) (4-3)

As the SAA concentration increases the value of the surface excess increases as a result
of more surfactant molecules moving onto the surface. This process continues until a
plateau is reached at which the interface is saturated by the surfactant molecules. The

value of the surface excess under such conditions is called the maximum or saturation
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surface excess, /.. The Langmuir Adsorption law can be used to correlate the surface

excess at any concentration to the saturation surface excess as follows,

r,=r,—<e

sta «©
a, +C,

(4-4)

The above-mentioned static interfacial characteristics (O, 17, [5,) are commonly used to
describe and correlate the performance of gas/liquid contacting operations. Whereas this
may be acceptable in the case of pure and uncontaminated systems (where the value of
the surface tension does not vary with time), it should be born in mind that the time scales
encountered in many processing applications do not allow for the surfactant molecules to
reach equilibrium at the interface. For example, whereas bubble breakage and
coalescence in turbulent flows usually take place within milli-seconds (Oolman &
Blanch, 1986), the time required for most SAA species to approach equilibrium at the
interface is in the order of seconds or minutes. The use of equilibrium interfacial
characteristics, for example the static interfacial tension, to describe such a highly
dynamic processes is most probably one of the main reasons behind the proliferation of
system specific correlation. It is also the main reason behind the difficulties while
correlating gas/liquid contacting in complex systems (Walter and Blanch, 1986;
Zahradnik et al., 1995; Al Taweel and Cheng, 1996). Better understanding of the effect
SAA have on the dynamic interfacial characteristics is therefore necessary for the
development of more effective gas/liquid contactors and predicting their behaviour when
used in conjunction with industrial streams that usually incorporate a wide range of

constituents.

4.1.2 Modeling Dynamics of Interfacial Diffusion/Adsorption
The dynamics of SAA diffusion/adsorption at the gas/liquid interface is usually

considered as a two-step process (Ward and Torda, 1946; Borwankar and Wasan, 1983;
Joos and Serrien, 1989; Garrett and Ward, 1989 and Fang and Joos, 1996) in which the
SAA molecules are first transferred from the bulk of the liquid to the subsurface (a thin
liquid layer immediately below to the interface) then the molecules are adsorbed from the

subsurface onto the interface (Fig. 4.1). The speed at which each of these steps takes
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place will determine whether the overall diffusion/adsorption kinetics are diffusion-

controlled, adsorption barrier-controlled or mixer mode.

Subsurface, Cg Gas

~
~

.. .. o | Diffusion
Liquid, Co | pocoes

Diffusion .
Process | .

8
7

Fig. 4.1 Schematic representation of SAA dynamic adsorption on gas/liquid interfaces

Few models have been proposed in the literature to characterize the dynamics of
adsorption processes involving SAA at gas-liquid or liquid-liquid interfaces. In most
cases, the overall rate of adsorption has been found to be controlled by the diffusion of a
SAA from the bulk phase to the subsurface (Garrett and Ward, 1989; Joos and Serrien,
1989; Bonfillon et al., 1994; Ravera, et al., 1994; Rosen, 1996; Fang and Joos, 1996;
Campanelli and Wang, 1998). In few cases, the transport of the SAA from the subsurface
to the interface plays a role that is almost equally important to the molecular diffusion in
the bulk of the liquid (Miller et al., 1994; Dukhin, et al., 1995; Campanelli and Wang,
1998). In such cases, the condition becomes that of mixed diffusion-kinetic adsorption, a

situation that is beyond the scope of the present investigation.

The adsorption dynamics of most SAA studied in the literatures can thus be adequately
described by considering the diffusion-controlled models alone (Garrett and Ward, 1989;
Joos and Serrien, 1989; Fang and Joos, 1996; Mobius and Miller, 1998). The classical

form of the diffusion controlled adsorption equation was derived by Ward and Tordai
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(1946). It is based on the assumption that the interfacial concentration of surface active
molecules, I'(t), is limited by diffusion of the surfactant from the bulk phase to a clean

interface. The resulting mathematical expression has the following form:

I(t)= 2\/§ {ci- fcs (0,t—7)d7 )} (4-5)
T

where,
r(t) is the surfactant excess of SAA molecules [1n01/m2]
C, is the bulk SAA concentration [mol/m’]
C4(0,t—7)  is the subsurface concentration [mol/m3]
T is a dummy variable of integration [s]

The first term accounts for the SAA diffusion in the bulk of the solution while the second
term accounts for the molecular transport/adsorption near the subsurface. The application
of such complex equation to dynamic surface tension is not practicable since it contains
two independent functions 77(¢) and C;(0,t—7). The convolution integral makes the
exact solution of Eq. (4-5) difficult. Only recently, when Fainerman et al. (1994) derived
asymptotic solutions to the Ward and Tordai equation (Short-term and long-term
approximations) was it possible to apply Eq. (4-5) to the case of interfacial surfactant

diffusion/adsorption.

4.1.2.1 Short-term Approximation

In the early stages of an adsorption process, i.e. as t — 0, there is little back diffusion into

the bulk of the solution, and the second term in Eq. (4-5) can be neglected yielding,

(1) =2C, \/E (4-6)
V4

Similarly, at the start of the adsorption process when ¢ — o, the surfactant solution in

the subsurface is dilute and Henry’s isotherm can be used to relate I" and o, yielding,
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o -0, =-2RIT (4-7)

The short-term approximation can thus be expressed as (Miller and Fainerman, 1994),

do D
7[/2 = —2RTC{)\/; (4"8)

If the relationship between the dynamic surface tension,o;, and ¢ is a linear one, an

172

d i : -
accurate value of ??/2— can be obtained by plotting o vs. t'“ and determining the slope

of the straight line fitting the experimental data. Using this information, and the value of
the surfactant bulk concentration at which the data were obtained, it is possible to
determine the surfactant diffusion coefficient from dynamic interfacial tension

measurements through the application of Eq. (4-8).

4.1.2.2 Long-term Approximation

When the adsorption process is far from the initial state, i.e. as t — oo, the subsurface

concentration will be close to that present in the bulk of the liquid , and

Cs can therefore be eliminated out from the integral in Eq.(4-5), and the following

expression will be acquired,

T
AC . =C,—C. =T % 4-9
t—>o0 0 K 4Dt ( )

Combining Eq. (4-9) with the Gibbs isotherm equation, the long time approximation can

be expressed as,

2
dfiz _RTI \/Z (4-10)
dit'") ¢ D

Fang and Joos (1996) proposed a method to directly calculate SAA diffusivity from its

dynamic interfacial tension data. They reorganized Eq. (4-10) into,

-1/2 1/2
do 1| 1 D
it NG = | ()2 4-11
[d(t"”) "} F{RT(H) } (“-11)
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-1/2
which yields a linear relationship when {?d_o'[;T) CO} is plotted vs. 1/C,.
t

When 1/Cg approaches 0, i.e. as Cy = o, the interface would be saturated by SDS species

and the maximum surface excess, 7, is reached at the interface. This is expressed as,

-1/2 1/2
do 111 D
{d(t—IjZ)C{)} ]//C,,—)() :F{E(;)I/z} (4-12)

172
Accordingly, a value for i[é ( D )2 } can be obtained from the zero intercept of
zr

-1/2
%CO} vs. 1/Cy. This information can then be used to

the linear plot of {

determine the mean diffusivity, D, for the SDS solutions using a value of I, determined

through other means.

4.1.2.3 Apparent Effective Diffusivity

Besides the above-mentioned approaches for analyzing diffusion-controlled surfactant
adsorption, Vogler (1989) developed a simple method for analyzing the data by assuming
that the concentration of surface active agent at the interface is controlled by the effective
rate of diffusion of the species to the interface (a parameter that reflects the combined
effect of both diffusion and adsorption). The diffusion equation can then be solved to
obtain a surface concentration as a function of time. Sheu et al. (1992) assumed that
Gibbs isotherm is applicable under such non-equilibrium condition and obtained the

following analytical expression for the dynamic interfacial tension as a function of time,
o, ~o, =y, (4-13)

where , is a proportionality constant, 3 is a kinetic parameter characterizing the ability of
the surface active species to diffuse and adsorb on the surface (i.e. an effective
diffusivity). If the dynamic surface tension at the zero time can be considered as the
solvent surface tension, y becomes the surface tension difference between the solvent

and the solution and Eq. (4-13) becomes,
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o,~0,=(0,~a,)e " (4-14)
If a plot of (/n 917 9% )? vs. t is linear, the value of /8 can be calculated by fitting the
o-() - O-co

experimental data. Sheu et al.(1992) successfully used this model to the study of the
dynamic interfacial tension between asphaltene-containing toluene solutions and caustic
solutions. Later, Xu and Finch (1994) reported that their experimental data for the surface

tension of bitumen systems fitted Eq. (4-14) quite well.

4.2 Selection of System

Aqueous solutions were prepared using deionized water and unpurified sodium dodecyl
sulfate supplied by SIGMA Chemical Co. (St. Louis, USA). It contains approximately
95% SDS based on total alkyl sulfate content. This system was selected because it 1s
commonly used to study the effect of interfacial characteristics on gas liquid contacting
(Sagert, et al, 1976; Rosen, et al., 1990; Malysa, 1991; Chen, 1996; Yang, 1995; Djuve,
et al., 2001).

Although the interfacial properties of SDS aqueous solution have been well investigated,
the experimental results differ significantly from one investigator to the other. For
example, the static surface tension for a 4 mM aqueous SDS solution ranged from 48.4 to
52.5 mN/m although the experimental error of such measurements does not exceed +0.2
mN/m (Mysels, 1986). This discrepancy can be mainly attributed to the extreme
sensitivity of the interfacial measurements to the presence of trace impurities in both the
solute and solvent. One can thus imagine how difficult it is to obtain accurate dynamic
surface tension values, which in addition to the previously mentioned problem varies

with time and is sensitive to the measurement methods and type of gas phase used.

Since the experimental data obtained in the present investigation focused on a rather
limited concentration range, additional data recently reported in the literature were
included in the following data interpretation in order to expand the range of applicability
of the findings. The data set used in following analysis covers a wide concentration range

(from 0.0173 to10 mM) and includes the commercial SDS system used in the present
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investigation as well as popularly accepted data by Garrett and Ward (1989) and Mysels
(1989) as well as the recent data obtained by Hsu et al. (2000).

Whereas SDS is a relatively pure compound, commercially supplied MIBC is a mixture
of highly polar organic compounds (MIBC, MIBK, mesityl oxide) and inert diluents.
Moreover the exact components and their proportions can vary from one vendor to
another rendering it difficult to undertake a comparative evaluation of the data.
Furthermore, no dynamic surface tension data have been reported in the literature.
Consequently, only the static surface tension and its derived surface excess were

determined in the case of MIBC solutions.

4.3 Results and Discussion

4.3.1 Static Properties of SDS and MIBC Aqueous Solutions

The dynamic interfacial tension is a function of the exposure time (surface age). When
the exposure time is sufficiently long, i.e. approaches infinity, the adsorption of surfactant
molecules onto the surface reaches equilibrium and the surface tension approaches the so-
called equilibrium surface tension. The interfacial properties at equilibrium are also often
referred to as static or thermodynamic interfacial properties. Following this principle, the
static surface tensions of SDS system can be obtained from dynamic measurements by

extrapolating the bubble interval to infinity, i.e. ast > .

The static surface tension results for aqueous SDS solutions (obtained by extrapolating
the dynamic surface tension results obtained in the present investigation, as well as those
reported by Garrett & Ward (1989), Mysels (1989), Yang (1995) and Hsu, et al. (2000))
are presented in Fig. 4.2. It clearly shows that the static surface tension of aqueous SDS
solutions was decreases with increasing bulk concentration with the effect being most

pronounced at low concentrations.

The lower static values obtained by extrapolating the data obtained in the present
investigation can be attributed to the fact that the SDS surfactant used in preparing the
aqueous solutions was not as pure as those in the other investigations where the SDS was
further purified. These results were, therefore, not included in the correlation derived

using the Szyszkowski equation (Mysels, 1986),
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0,.,=0,—min(1+C,/n) (4-15)

where m and n: are empirically determined constants.
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Fig. 4.2 Effect of SDS concentration on the static surface tension (obtained by

extrapolating the dynamic surface tension data) (25°C)

As can be seen from Fig. 4.2, the effect of SDS bulk concentration on the static surface
tension can be accurately predicted (R2 = 0.96) using the following equation, which is

applicable over a broad concentration range (0 < Co < 10 mM),

o, =0.072-0.02071 In(1+C,/2.403) (4-16)
where,

o,, isthe static surface tension, [N/m]

Co is the bulk SDS concentration [mM]

Eq. (4-16) can thus be considered to be a better representation of the SDS static

interfacial characteristics since it incorporates a broad set of dependable data from many
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investigators (Mysels, 1986 and 1989; Garrett and Ward, 1989; Hsu, et al., 2000; and the

present investigation).

The Szyszkowski expression (Eq. 4-15) could not fit the static surface tension of aqueous
MIBC solution over the concentration range measured by Davakarla (1983). A simple
polynomial equation was therefore used to correlate the experimental data. The following
expression was found to correlate the static surface tension of MIBC solution rather well

(R*=0.94),
o, =0.072-4.9C,-3.7x10°C,’ (4-17)

where,

Co is bulk concentration of MIBC [mM]

As shown in Fig. 3.3, the effect of bulk concentration on the static surface tension shows
different patterns for SDS and MIBC. Although in both cases the surface tension was
found to decrease as the bulk concentration increases. The static surface activity of the
short-chain molecule of MIBC (C¢-chain) is relatively low and high bulk concentrations
are required in order to yield substantial depression of surface tension. On the other hand,
the long-chain polar molecule of SDS (C;-chain) exhibit strong static surface activity
and much lower bulk concentrations are needed to achieve significant reduction in

surface tension.

The value of the equilibrium surface excess, I'w, provides an indication of how many
SAA molecules are present at the interface between the gas and liquid phases. A general
expression for the value of I'y,, in the case of SDS and MIBC, can be obtained by
applying the Gibbs adsorption equation to Eq. (4-16) and (4-17) respectively. Since
MIBC is non-ionized, the Gibbs equation can apply to it directly whereas a factor of 2 is
required in the casc of the ionic SDS system (Shaw, 1988). The effect of bulk
concentrations on the surface excesses in aqueous MIBC solutions based on Davakarla’s
measurement is depicted in Fig. 4.3 and does not show the existence of a maximum value

within the concentration range investigated. However, the existence of the so-called
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maximum surface excess, I, is clearly evident in the case of SDS solutions (Fig. 4.4).
When I, is reached, it means that the gas-liquid interface is saturated with the SDS
molecules and cannot be loaded with any extra SDS molecules although the SDS

concentration in the bulk is further increased.

As shown in Fig.4.4, the SDS surface excess data follow the Langmuir adsorption

isotherm law very well yielding the following expression ,

I, :4'18X]0_65ﬁ—(3 (4-18)
where,

I, is the saturated surface excess | [1n01/m2]

Co: is the bulk concentration [mM]

Over the concentration range studied in the present investigation (0 < Cop < 10 mM), the
value of the Langmuir-Von Szyszkowski constant a;, was thus found to be equal to 2.40
mM whereas the value of the saturated surface excess I'x equals 4.18 £ 0.02 x 10
mol/m?. This value compares rather well with other SDS saturation surface excess values
reported in the literature (Table 4.1) but it has the advantage of being applicable over a
very wide concentration range. By integrating the set of data reported in the literature, it
was possible to overcome the problem of having a 4-fold variation in the value of the
maximum surface excess values has been reported in the literature (1.95 to 7.64 x 10°
mol/m?). The projected areas per molecule, (obtained by assuming the saturation surface
excesses value to correspond to a monomolecular layer of the solute on the interface, i.e.
Gibbs monolayer) was found to depict similar trends (Table 4.1) and the value developed

in the present investigation (0.663 nm?) offers similar advantages.
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Fig. 4.3 Effect of bulk concentration on surface excess of MIBC aqueous solutions
(25°C, data from Rajasekhar, 1983)
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Fig. 4.4 Applicability of the Langmuir adsorption isotherm to aqueous SDS solutions
(25°C)
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Table 4.1 Interfacial characteristics of aqueous SDS solutions (25° C)

Investigator Systems I, SAA Diffusivity,
© 5 molecular 10 2
10” mol/m area, nm’ 107" m’/s
Mukerjee et al. Air-water-SDS n/a 7
1958.
Matuura et al. Air-water-SDS 4.5 0.37 n/a
1959; Fainerman,
1978; Mysels,
1986.
Sasaki et al., 1975 Air-water-SDS 3.1 0.536 n/a
Garrett & Ward, | Air-water-SDS 7.64 0.218 6
1989 (3.3-7 mM)
Rosen, 1989 Air-water-SDS 3.1 0.536 n/a
Fang & Joos, 1996 | Hexane-water-SDS | 1.95 0.852 4.6
(0.05-0.2 mM)
Vanysek, 1997 | Air-water (infinite | n/a 6.4
(Perry’s handbook) | dilution)
Present Air-water-SDS 4.18 0.397 8.4
investigation (0.0069-10 mM)

4.3.2 Dynamic Surface Tension of SDS Aqueous Solutions

Dynamic surface tension is the surface tension of a freshly created surface measured after

a given time has transpired, thus allowing a certain amount of the SAA molecules to

diffuse and adsorb on the freshly created surface. It thus represents a non-equilibrium

state the value of which is a strong function of the surface age. Data concerning the

dynamic surface tension of various systems are rather limited and are mostly measured

using the Maximum Bubble Pressure method (MBPM) (Woolfrey, 1986; Mysel, 1986
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and 1989; Garrett and Ward, 1989; Hirt et al., 1990; Varadaraj et al., 1991; Joos, et al.,
1992; Fainerman, et al., 1994; Miller, et al., 1996 and Hsu, et al., 2000).

Fig. 4.5 is a typical example of how the dynamic surface tension, ot, changes with the

bubble generation interval for dilute SDS aqueous solutions. The dynamic surface tension
was found to decrease monotonously with the bubble generation time (surface age) with
the rate of change being most pronounced at very short surface ages. An equilibrium
surface tension value is approached at very large bubble generation times. That is the
reason why the equilibrium surface tension can be obtained by extrapolating the bubble

generation interval to t = co.
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Fig. 4.5 Dynamic surface tension of SDS aqueous solution at a low concentration range
(25°C, Adapted from Yang, 1996)

Attempts were undertaken to identify the mechanism controlling SDS
diffusion/adsorption on freshly generated interfaces. The possibility of explaining the

overall SDS diffusion/ adsorption process using the relatively simple concept of effective
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diffusivity (Vogler, 1989; Sheu et al., 1992; Xu and Finch, 1994) was first investigated.
If this was the case, the dynamic surface tension would obey Eq.(4-14) and a linear

O-t —O-e

relationship would be obtained between (/n )* and t. However, as can be seen

0y~ 0,
from Fig. 4.6 the data show systematic deviations from the linear relationship. It can,
therefore, be concluded that the rate of SDS molecular adsorption onto the gas/liquid

interface cannot be adequately modeled using the effective diffusivity approach.

In the case of slowly diffusing SAA, the characteristic diffusion time can be much larger
than the characteristic adsorption time. Under such conditions, the short time
approximation to the diffusion equation (Eq. 8) is expected to be applicable and a linear
relationship would exist between o; vs. t"2. However, as can be seen from Fig. 4.7, the
short-term approximation of the diffusion controlled does not apply to the case of very
dilute SDS solutions (0 - 100 ppm SDS) present experimental data. This observation is in
line with the findings of Garrett and Ward (1989) and Fang and Joos (1996) who report
that, in the case of aqueous SDS solutions, diffusion in the bulk of the solution is

relatively fast but slows down near the subsurface.
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Fig. 4.6 Ability of the effective diffusivity concept (Eq. 4 -14) to model the dynamic
surface tension of aq. SDS solution (Cy = 0.0173 mM)
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Fig. 4.7 Ability of the short-term approximation (Eq. 4 - 8) to the model the dynamic
SDS surface tension data of aq. SDS solution (Co = 0.0173 mM)

As shown in Fig. 4.6, the dynamic surface tension of the dilute SDS solutions was found
to be linearly proportional to t12 for any particular SDS concentration. Similar trends
were observed when the data obtained by previous investigators were plotted in a similar
fashion (Fig. 4.7). At any particular time interval, the dynamic surface tension was found
to increase as the SDS bulk concentration is reduced but the slope of the o vs. 2
straight line was found to be steeper as the bulk concentration increased. These
observations indicate that the SDS molecules diffuse faster to the interface at higher bulk

concentration (due to the generation of larger concentration gradients).

The fact that a linear relationship exists between o, and t1? suggests that, in the case of
aqueous SDS solutions, the overall process of diffusion/adsorption of freshly generated
surfaces (or surfaces in which the SAA concentration has be reduced due to sudden
stretching) can be modeled by the long-term approximation of the diffusion-controlled

adsorption equation (Eq. 4-10). That is to say that the characteristic adsorption time, t,, 18
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much greater than the characteristic diffusion time, ts, and the concentration in the

sublayer will be essentially equal to that in the bulk of the solution.
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Fig. 4.8 Ability of the long-term approximation (Eq. 4-10) to model the dynamic surface
tension of ag. SDS solution (0.0173 mM)

A regression analysis of the data obtained in the present investigation was conducted
using the following linear relationship and the ensuing values of the parameters a and b
are listed in Table 4.2 for the different concentrations investigated (an average value of

R*=0.97 was obtained),
oi=a+bt"? (4-19)

Similar results were obtained when the data reported by various other mvestigators

covering a concentration range of 0.4 mM to 10 mM were analyzed (Fig. 4.9).

The above mentioned finding agrees well with the observations reported by many
investigators (Fang and Joos, 1996; Woolfrey, et al., 1986; Mysels, 1986; Garrette and
Ward, 1989; and Hsu et al., 2000) namely that SDS molecules can easily diffuse into the
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aqueous subsurface and that the controlling step is their migration from the subsurface

onto the interface between the gas and liquid phases.
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Fig. 4.9 Dynamic surface tension of SDS aqueous solution vs 12

with a broad range of

concentration (25°C)

—— 1:.52 mM SDS aqu. solution (Woolfred, 1986)
e 24 73 mM SDS aqu. solution (Woolfred, 1986)
w31 3.3 MM SDS aqu. solution (Garrett & Ward, 1989)
—— 4: .4 mM SDS aqu. solution (Hsu,et al., 2000}

—— 5:2 0 mM SDS aqu. solution (Hsu,et al., 2000)
e 62 7.0 MM SDS aqu. solution (Hsu,et al., 2000)
e 7+ 10,0 MM SDS aqu. solution (Hsu,et al., 2000)

If the interfacial tensions are extrapolated to t'2 5 0 (i.e. as t— oo ) the resulting surface
tension corresponds to a region where equilibrium is established. As shown in Fig. 4.2,
the equilibrium surface tensions obtained by extrapolating experimental data match quite

well with the static surface tension values measured by Mysels (1986). This further
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confirms the validity of using the long-term approximation model to represent the

diffusion of SDS entities in aqueous solutions.

4.3.3 Parameters Derived from Diffusion/Adsorption Models
4.3.3.1 Diffusion Coefficient

The diffusion coefficient represents a quantitative measure of the ability of surfactants to
diffuse to the interface. In general, there is only a 10-fold difference of diffusivity
between the fastest diffusing H' to the worst diffusible ion at infinite dilution.
Unfortunately, most measurements reported in the literature are in poor agreement and

most diffusivity values reported in chemical handbooks cannot be relied upon to better

than +10% (Vanysek, 1997).

As shown in Table 4.1, all reported SDS diffusivities of are of the same order of
magnitude but differ significantly depending on concentration range investigated and the
purity of the SAA used. Garrett and Ward (1989) even thought the diffusion coefficients
were only weakly dependent upon molecular structure (measured values being in the
region of 2 — 6x10™"° m*s) and they somehow arbitrarily selected a value from those
range as a diffusivity of SDS. In a word, no generally acceptable SDS diffusivity value
has emerged that can be applied to a broad range of experimental conditions. The
experimental data of the dynamic surface tension obtained by Woolfred, et al. (1986),
Garrett & Ward (1989), Yang (1995) and Hsu, et al. (2000) cover a concentration range
of 0.0069 mM to 10 mM and were therefore used to obtain a more accurate and more
representative mean diffusion coefficient for aqueous SDS systems.

The diffusivity was determined from the dynamic surface tension data using Eq. (4 - 12),

172

-1/2
where the value of the right hand side parameter, {% CU} at infinite

concentration, was obtained by extrapolating the data shown in Fig. 4 - 10 to the value

1/2
1/Cy=10, Fi{é( D )2 } =19.4. The value of the diffusivity, D, was then calculated
w V4
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from this parameter using the previously obtained value of the saturated surface excess
T's= 4.18%x10°° mol/m?). This approach yielded a single value of the diffusivity (D = 8.4
+0.5 x 1071 m%s) that fits a broad range SDS concentration (0 < Co < 10 mM).

300
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Fig. 4.10 Determining SDS diffusivity by the Fang and Joos (1996) method.

The value of SDS diffusivity developed in this investigation is expected to be more
reliable than previously derived ones since it is based on a large data base covering a
wide concentration range (0.0069 mM < C < 10 mM). Although the value of current
diffusivity is of the same order as that from the literatures, it is slightly higher than most
previously reported ones. Part of this difference could be attributed to the inclusion of the

data generated in the present investigation which were obtained using commercially
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purified SDS. The residual isomers and contaminants appear to exhibit synergetic effects

that accelerate the adsorption of SDS ions at the interface.

The concept of a diffusivity value that is independent of concentration (at least within the
relatively low concentration range considered in this investigation) is in agreement with
the recent findings of Fang and Joos (1996) where only one diffusivity value is reported
for different concentrations of the same type of surfactant. However, this average
diffusivity value developed in the present investigation is almost double the
corresponding value determined for SDS diffusing through aqueous solutions to the
interface with Hexane (D = 4.6 x 10"'% m%s). This suggests that the rate of adsorption of

SDS entities from the sublayer is faster in the case of air/water interface.

4.3.3.2 Surface Excess Based on Long-term Approximation

It is well known that the presence of surfactants significantly alters the properties of the
interface with the extent of change being a function of how many molecules are adsorbed
onto the interface. The value of the maximum surface excess shown in Table 4.1 yields
an indication of the level that can be reached when the surfactant species are present in
very high concentrations and are given enough time to adsorb onto the interface until the
interface is packed by the species to the maximum extent. However, dynamic bubble
breakage and coalescence in turbulent flows typically happen within milliseconds, a time
scale which is insufficient for the SDS species to diffuse and adsorb onto the interface

and reach equilibrium.

The concept of dynamic surface excess was introduced by Fordham (1959) and
Borwankar and Wasan (1983). The dynamic surface excess is the quantity of surfactant
molecules adsorbed upon the surface per unit area of interface and is, therefore, a
function of the time elapsed before equilibrium is reached. It may therefore be possible
that the dynamic surface excess can yield an indication of the interfacial characteristics
relevant to dynamic processes such as bubble breakage and coalescence in turbulent flow.
However, the difficulty associated with this approach is the need to identify a

characteristic time value at which the dynamic surface excess is to be calculated,
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particularly when the characteristic bubble breakup and coalescence times can vary from

milliseconds to seconds.

Under conditions where the long-term approximation applies, the value of the surface
excess can be determined at any particular time provided that both the diffusivity and the

172

derivative of the dynamic surface tension with respect to t*'~ are known. Under such

conditions, Eq. 4-10 can be rearranged to yield,
C, |D do
I, = —"\/: 7 4-20
PRI d(f’”)] (420)

As shown in Fig. 4.8 and 4.9, the value of d—(;%is a constant for each SDS

concentrations, and the range of surface ages, studied in the present experimental
investigation (0.0069 < Co< 10 mM, 0.08 s <t < 6 s). Since the value of the diffusivity is

also independent of SDS concentration and time, the value of I can be considered to be

. ) ) do L )
a linear function of production of Cy and W_—W_) that is independent of contact time.
t

The result is present in Fig. 4.11. It is however important to recall that these dynamic
surface excess values are derived from the long-term approximation which implies that
the characteristic adsorption time, t,, is much greater than the characteristic diffusion
time, tq, and that the concentration in the sublayer will be essentially equal to that in the

bulk of the solution.

To test the validity of this assumption, the value of t/tp was calculated using the

approach proposed by Campanelli and Wang (1998) where,

t,=3/7t (4-21)
and,

ty= 1D [Tway ! (ap +Cof’ T (4-22)
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Eq. (4-21) was developed for the case of expanding drops and can be considered as a first
approximation for the case of expanding bubbles encountered in this investigation.
However, high-speed camera investigation of the bubble formation process suggests that

the proportionality constant is closer to 0.95 in the case of the Synsadyne 6000 setup.

1e-6

I, mol/m?

1e-7 -

\ T T T T \ T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

C,, mM

Fig. 4.11Effect of bulk concentration on the surface excess value of aqueous SDS

solutions (determined using the long-term approximation)

For the current investigation of concentration range from 0.0069 to 0.173 mM aq. SDS
solutions, the characteristic diffusion times are found to vary from 5.1 x 10°t03.6 x 107
s whereas the absorption times vary from 0.07 to about 5.3 s. The combined effect of
these two times yields the characteristic time ratio, t./tp, varying from 20 to 1500 (see
Fig. 4.12), which are significantly larger than unity, it suggests the long-term
approximation is valid for the adsorption of aq. SDS solutions in the concentration range

of 0.0069 to 0.173 mM. However, most of other investigators (Mysels, 1989; Garrett and
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Ward, 1989 and Hsu, et al., 2000) used even higher concentration range, e.g. from 0.4 to

10 mM. As Eq. (4-22) shows that the higher concentration, and the faster diffusion time,

1000

100 -

t,/t,

10

Az ©

4 pEO®

.0069 mM SDS aqu. solution
.0173 mM SDS aqu. solution
.0347 mM SDS aqu. solution
.173 mM SDS aqu. solution

Fig. 4.12 Effect of bubble generation time on the absorption-to-diffusion characteristic

time ratio for very dilute aqueous SDS solutions.

therefore the characteristic time ratio, to/tg, will be much bigger than this reported range,

It implies that the long-term approximation is also valid for extended concentration range

0f 0.0069 to 10 mM.

Because of the relatively short characteristic diffusion times encountered in the case of

SDS solutions, the value of I, (determined from the long-term approximation) was found

to be smaller than the Gibbs surface excess values, [, obtained using static surface

tension -data (subscript G is hereby assigned for distinction) which is based on the

assumption that Gibbs isotherm applies under equilibrium conditions. This is proved by

comparing Fig. 4.4 to Fig. 4.11 and also shown in Table 4.2.
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From the above, it is obvious that there is substantial evidence that the long-term

approximation of diffusion-controlled adsorption properly describes the situation in

relatively dilute aqueous SDS solutions. This can be attributed to its ability to account for

the diffusivity of the surface-active species, the concentration gradient of the dynamic

surface tension, as well as for the bulk concentration of that species given in Eq. (4-20).

The surface excess, /7, could, thereby, be more justifiable than Gibbs surface excess,

I, to represent the SDS adsorption in current time and concentration ranges.

Table 4.2 Summary of interfacial properties of SDS aqueous solutions presently

investigated

SDS Conc., ppm 0 2 5 10 20 50
Cy, mM 0 0.00694 | 0.0173 0.0347 0.0694 0.173
o, , mN/m 72.0 66.2 64.1 61.4 52.4 44.1
I7, mN/m 0 5.8 7.9 10.6 19.6 27.9
I, 107 mol/m? 0 0.506 1.01 1.50 1.94 2.25
I, mol/m? 4.18x10°
Expression  for | 0.072 o,= o,= o= n/a o=
o,, N/m 0.0657+ | 0.0638 +|0.0609 + 0.0433+

9.50x10* | 9.10x10* | 10.1x10™ 12.8x10™
(0.08s<t<65) (05 (03 (05 E
doydr'”? 0 9.50%10* |9.10%10* | 10.1¥10° | n/a 12.8%10™
Dmuan, m2/s 8.42)(10_10
i, 10 mol/m* |0 0.208 0.323 0.480 0.663 1.21

(intcrpolation)
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The dynamic surface tension data obtained in this investigation, as well as those reported
by several other investigators, can be well represented by the diffusion-controlled model
of surfactant adsorption. The analytical solution obtained using long-term approximations
was found to fit the data very well. This can be attributed to the characteristic adsorption
time, t,, being much greater than the characteristic diffusion time, tp (t/tp varying
between 4.35 x 10° and 3.06 x 10°, for the range of concentrations and bubble formation

times analyzed).

This diffusion model was then used to estimate several equilibrium and dynamic
interfacial characteristics. An accurate correlation of the static surface tension, and Gibbs
surface excess of aqueous SDS solutions was developed. Within the range of SDS
concentrations analyzed (0.0069 — 10 mM), a single value for the SDS diffusion
coefficient and saturated surface excess were found to fit the data well. Furthermore, the
SDS surface excess data were found to follow the Langmuir adsorption isotherm law.
This information can be used to analyze the complex behaviour of gas liquid contactors

where SDS is used to modify the coalescence behaviour of the system.

For SDS systems, the value of the dynamic surface excess, I'L, at any particular
concentration was found to be independent of the surface age over the range of 0.08 — 6 s.
This is mainly due to the fact that the characteristic adsorption time is much greater than

the characteristic diffusion time in the case of aqueous SDS solutions.

4.4 Conclusions

1. The dynamic surface tension data for aqueous SDS solutions obtained in this
investigation, as well as those reported by several other investigators, can be well
represented by the diffusion-controlled model of surfactant. The analytical solution

obtained using long-term approximations was found to fit the data very well.

2. An accurate correlation of the static surface tension, and Gibbs surface excess of
aqueous SDS solutions was developed in a quite wide concentration range of 0 — 10

mM. The static surface tension for aqueous MIBC solutions is also correlated.
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3. A single value for the SDS diffusion coefficient and saturated surface excess were
found to fit the data well. The SDS surface excess data were found to follow the

Langmuir adsorption isotherm law in a broad concentration range.

4. For SDS systems, the value of the dynamic surface excess, /7, at any particular
concentration was found to be independent of the surface age over the range of 0.08 —
6 s. This is mainly due to the fact that the characteristic adsorption time is much

greater than the characteristic diffusion time in the case of aqueous SDS solutions.
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CHAPTER 5 BUBBLE COALESCENCE IN TURBULENT PIPE
FLOW

In the process of bubble coalescence, several physical phenomena occur simultaneously.
These have been discussed by some authors (Overbeak,1960; Calderbabk et al., 1964;
Vrij,1966; Shah et al., 1982; Deckwer, 1986; Prince and Blanch, 1990; Chaudhari and
Hofman, 1994). However, due to lack of understanding of the mechanism of bubble
coalescence, the design of multiphase reactors has been so far based on empirical
methods. The major reason for the empirical analysis is the inability to describe
dispersion properties (such as bubble size and its distribution, turbulence structure,
interfacial area and gas hold-up) as a function of operating conditions and system
properties. In particular, it is not clear how the interfacial characteristics influence bubble
breakage and coalescence processes. It is well known that in pure liquids, bubbles tend to
coalesce faster, while the addition of a SAA leads to retardation of bubble coalescence
which, in turn, leads to a smaller average bubble size, higher gas hold-up and larger
interfacial area of contact. This results in the inability of most correlations reported in the
literature (which are usually related to pure systems) to accurately predict the
performance under conditions where a secondary component is present (Shah et al., 1982;
Lee et al., 1987; Prince and Blanch, 1990; Tjaberinga and Chesters, 1993). The simple
use of surface tension to characterize the interfacial properties of complex systems is

therefore not suitable, since it does not explain the observed variation in the parameters.

In this Chapter, theoretical coalescence models are evaluated, chosen and applied to the
case of bubble coalescence in turbulent pipe flow. The results obtained from the
comprehensive experimental investigation are then used to determine the factors affecting
coalescence rate and to test how the theoretical model fits the data obtained. The role of
interfacial characteristics responsible for retarding bubble coalescence rate in gas/liquid

turbulent flows is further discussed.

5.1 Theoretical Coalescence Model

Knowledge concerning bubble coalescence originates mainly from two disciplines:

namely chemistry and chemical engineering. The former focuses mostly on foaming,
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foam breaking, and foam coalescence/stability whereas the latter addresses issues such as
bubble generation and coalescence in mixing tanks, bubble columns and turbulent pipe
flow. The model developed in this section (which attempts to describe bubble
coalescence phenomena in turbulently flowing industrial streams) is based on the

knowledge gained from both fields.

As summarized in Chapter 2, the process of bubble coalescence in turbulent flows is
believed to occur in three steps in series, first of all, two bubbles approach each other and
form a thin film between them (Fig. 5.1), then the liquid layer between the bubbles thins
down due to liquid drainage under the capillary force, and inertial forces due turbulent
flows. When the thickness of the film is reduced to about 0.1 um, the van der Waals
attraction forces promote film-draining rate while the electrostatic double layer repulsive
force decreases it. As the thickness of the film is reduced to its critical thickness (about
0.01 pum), it ruptures leading to bubble coalescence. In the process of bubble coalescence,
the rate of thinning of liquid film is believed to be the main controlling step since the
rupturing step is very rapid. The contact time of the bubbles thus plays an important since
if the contact time of bubbles is less than the time of thinning; coalescence will not occur
(Chesters, 1991). Attention has, therefore, been focused on analyzing the rate of thinning

of the thin liquid film in an attempt to understand coalescence behavior.

Fig. 5.1 Schematic representation of bubble coalescence
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5.1.1 Modeling Bubble Coalescence Rates

The bubble coalescence model developed below is analogous to that developed by Prince
and Blanch (1990) but applied to turbulent pipe flow instead of the bubble column. It is
based on the following assumptions:

1. The behavior of the dispersed bubbles is coaleécence dominated (i.e. bubble
breakage can be neglected);

2. The primary cause of bubble collisions is the turbulent fluctuations in the
continuous phase, where the turbulence is locally isotropic and the bubble size
falls in the inertial sub-range;

3. No net slip velocity exists between the dispersed phase and the continuous phase.
This is expected to prevail when the turbulent flow velocity is much larger than
the relative slip velocity (i.e. small bubbles).

4. Coalescence involves two equally-sized spherical bubbles;

5. Bubble coalescence rate is controlled by the rate of bubble collision and the

likelihood of such collisions resulting in coalescence.

The bubble coalescence rate, expressed as the temporal rate of change of bubble number

density, can therefore be expressed as,

on

> oc f A (5-D
where,

n bubble population density [-]

f Collision rate [1/s.m’]

Iy Collision efficiency (-]

In order to clarify the derivation of the mathematic model, some equations will be re-
stated although they appeared in the Chapter 2. Whereas collision rate is mainly
dominated by hydrodynamic factors, collision efficiency is determined by the time
required for coalescence to take place and the time during which the two bubbles are in

close in contact in the turbulent flow.
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For any particular gas holdup, coalescence rate can be expressed in different forms. As
the bubble number density decreases from n; to n, the specific interfacial area of contact
decreases from a; to a, while the bubble size increases from d; to d. Consequently, the
coalescence rate can be expressed in different forms such as:
Interfacial area shrinking rate,
_Oa _ a,-q

v [m*m’s] (5-2)

Bubble diameter growth rate,

ad _d,—d,

/m. -
=~ v [1/m.s] (5-3)

Rate of change of bubble population density,

_doN_ dn_ m-m [1/m’ 5] (5-4)
v ot ot At
where N is sum of bubbles in selected volume V. Based on the assumption that the

dispersed bubbles are uniformly sized spherical entities, the Sauter mean bubble diameter

can be used to correlate the various expressions as follows,

6D
d32 = (5-5)
a
n= ﬂ_q) (5-6)
gd332

The various expressions of coalescence rate are thus inter-related by,

on 6@ _, od 180 od

S e T 3)d, R pi— (5-7)
ot T ot T dﬂ ot

_Ba_ 60 &d,,

“e - 5-8
ot d.°’ ot (5-8)

32
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5.1.1.1 Turbulent Collision Frequency

In turbulent flow, eddies impact on the bubbles at all directions causing them to move in
a random fashion, a situation that lead researchers to assume that the collisions were
analogous to the collisions of molecules in the gas kinetic theory or analogous to particle

collisions in an ideal gas.

Following Kennard (1938) theory, the collision frequency resulting from turbulent
motion can be expressed as a function of bubble size, bubble concentration and relative
velocity. So the collision rate per unit time and volume, f, can be derived if the bubbles
are assumed as equal-sized spheres and to follow the basic continuous-phase flow (Lee,

et al., 1987; Prince and Blanch, 1990; Chesters, 1991),
f=kun'd® (5-9)

One of reason why Eq. (5-9) is chosen by most researchers is that its physical meaning 1s
obvious and the format is quite simple. Other complicated expressions of collision rate
don’t really improve the accuracy much (William & Crane, 1980) and are limited in their

application range.

The turbulent fluctuating velocity in the inertial sub-range of isotropic turbulence can be

expressed as (Rotta, 1972),
u, =14¢"d"’ (5-10)

Substituting Eq. (5-10) into Eq. (5-9), the turbulent collision rate can therefore be

expressed as,
f =kn*d*(ed)”? (5-11)

Using Eq. (5-6) to describe n and substituting in Eq. (5-11), the collision frequency can

be expressed as,

f=kd/d""? (5-12)
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Combining Eq. (5-1), (5-12), (5-7) and (5-8), the various bubble coalescence rate
equations can be expressed as a function of variations in interfacial area, bubble size, or

the bubble population density,

___a_i’l _ kz;tqugl/:s/dll/} (5-13)
ot
od,, _ k, ADe!3d"? (5-14)
ot 18
_%l_:ﬂ'kz ﬂ®281/3/d5/3 (5—15)
t

5.1.1.2 Collision Efficiency

As previously mentioned, coalescence will happen only if the contact time is longer than
the time needed for coalescence to take place. Consequently, the most widely accepted

expression for the collision efficiency is given by (Coulaloglou and Tavlarides, 1977),
A=e " (5-16)

Substituting Eq. (5-16) in Eq. (5-13), the rate of change of bubble population by

coalescence can be expressed as,

_%’l_ = f @2 e " (5-17)
t

where the proportional constant kj, can best be determined through the use of carefully

designed experimental data.

Similarly, the bubble size growth rate by coalescence is expressed as,

od,,
ot

:k2®81/3e7l(./t,-d1/3 (5—18)
while the interfacial area shrinking rate is given by,

7 k2®281/3e—t‘./t, /d5/3 (5_19)
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Bubble Contact Time in Turbulent Flows

The overwhelming majority of investigators (Ross, 1971; Coulaloglou and Tavlarides,
1977, Oolman and Blanch, 1986; Lee, et al., 1987; Chesters, 1991; Li, 1996) chose
Levich’s equation to predict the value of contact time in turbulent flows,

t—(d/Z)Z/S

i 1/3
£

(5-20)

This equation shows a dependence of the contact time with the turbulent characteristics
(such as the local energy dissipation rate, €), an observation which agrees with the
concept that the contact time is determined by the bulk hydrodynamics. This compares
favorably with Eq. (2-25) in which the contact time is independent of the continuous
phase hydrodynamics. Based on Eq. (5-20), small bubbles present in high levels of

turbulence will exhibit short contact times, a fact that does not favor bubble coalescence.

Film Thinning Time

In the process of bubble coalescence, the rate of thinning of liquid film is believed to be
the rate-controlling step as the rupturing step is very rapid. Rupture most likely occurs
due to the contact of the peaks of capillary waves formed at each of the two facing
surfaces. Several studies show films formed from water and electrolyte solution rupture
suddenly at thickness in the range 5-11x 10 m (Pashley and Craig, 1996). Consequently,

the film thinning time is usually taken to represent the coalescence time.

The main factors responsible for drainage of the liquid film are controlled by the
hydrodynamics and interfacial characteristics of the system. The coalescence time has
been successfully modeled in stagnant fluid by examining the time needed for the liquid
film to thin from an initial thickness to a critical thickness where the rupture occurs

(Marrucci, 1967; Sagert and Quinn, 1978; Ivanov et al., 1985; Li and Slattery, 1989).

As discussed in Chapter 2, there are various drainage modes depending on the rigidity of
the bubble and mobility of the interfaces. In the present investigation, the size of the
bubbles suspended in the turbulent pipe flow is larger than the Kolmogorov eddies due to
the high Reynolds number encountered. The drainage modes of partially interface mobile

or fully interfacial mobility and inertial control should therefore applicable. For example,
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in the case of air-pure water system with large bubble size, the closest drainage mode
would be characterized as deformable bubbles and fully interface mobility. For air-
impure solutions with small bubble, since the additives adsorbed onto the bubble
interface result in interface immobility and also by which the small bubbles resist
deformation, the drainage mode could be partially or fully mobile without evident

deformation.

An expression for the thinning of liquid film between two equal-sized bubbles was

derived by (Oolman and Blanch, 1988; Prince and Blanch, 1990),

2 1/2
_dn_)_8 _ﬂ(io_') +h2[io_'+ A}j (5-21)
dt  |R,p,| RT\dC d 6rh

where Ry is radius of liquid disk between the contacting bubbles, M is the surface

immobility the value of which varies between 0 and 4. For distilled water, the gas-liquid
interface is assumed to be fully mobile (that results in M = 0) whereas the value of M can

take any values between 0 and 4 in the presence of surfactants.

This equation is derived based on consideration of the flow rate of fluid film by the
capillary pressure, enlarged by the Hamaker force (one kind of van der Waals force)
which only become appreciable at very low film thickness (i.e. just prior to rupture). This
term demands a numerical solution for the coalescence time and renders the current
model cumbersome. This difficulty may be overcome by neglecting the Hamaker
contribution but the results obtained may overestimate the coalescence time. The effect of
bubble deformation by turbulence eddies on the coalescence rate is also disregarded since
the influence of the bubble deformation, and the subsequent increase in coalescence time,
by turbulent eddies is not well understood. The radius of the liquid disk between the
coalescing bubbles (Fig. 5.1) can be assumed to be a constant fraction of the bubble

radius (Prince and Blanch, 1990). Hence Eq.(5-21) can be simplified by integration as,

3 1/2

h,

t, = @/2yp, In —- (5-22)
160 h

¢
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This equation is consistent with the expression of the coalescence time obtained by
Sagert and Quinn (1976) and Lee, et al. (1987). Big bubble moving in low surface tension
systems are thus expected to exhibit long coalescence times and result, therefore, in low

coalescence efficiencies.

When two bubbles approach each other they form a thin film between them that is
usually referred to as the quasi equilibrium film. The initial thickness of this film, h;, has
been well investigated for a wide range of systems (Ivanov and Dimitrov, 1974; Prince
and Blanch, 1990; M&bius and Miller, 1998). For the case of air-water systems it is

typically estimated to be,
hi=1x10"m (5-23)

When the film is very thin, van der Waals attraction forces increase the draining rate,
while the electrostatic double layer repulsive force decreases it. During the process of
bubble coalescence the thinning of the liquid film reaches a stage at which the film
become metastable and spontaneous rupture occurs. The thickness at this stage is defined
as the critical thickness of the film h. and is typically considered to be around 1x10® m
(Kim and Lee, 1988), a value that was used by Prince and Blanche (1990) in their
analysis of bubble coalescence rates. On the other hand, Chesters and Hoffman (1982)
and Chesters (1991) used a simple expression to estimate the value of the critical film

thickness,

b, = (202 s (5-24)
Srwo
This expression is used in the coalescence model because of its ability to accounts for

variation in the physical properties of the system.

5.1.2 Normalization of Bubble Coalescence Rates

In situations where a wide range of experimental conditions are encountered, the use of
the absolute differential rate of a variable (e.g. (d2 — di)/At) can often fail to yield a good
indicator of the true variation of that parameter. Better sensitivity is achieved by

normalizing the parameter through the use of its initial value (e.g. (d2 — d,)/d;.At). This
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point will be delineated in the results and discussions section. Hence, Eq. (5-13) — (5-15)

can be expressed in the following normalized forms,

Normalized interfacial area shrinking rate: - i—aa% [1/s]
a
. ) 1 od,,
Normalized bubble diameter growth rate: —_— [1/s]
d,, ot
Normalized bubble population decrease rate: A %ﬁ [1/s]
n ot

and the bubble coalescence rate equations (Eq. 5-13 to 5-15) can be replaced by the

following expressions,

] aa ﬂk 1/3 2/3

———=—A10 /d 5-25
aor 187" (>-25)

] 5d ﬂk 173 2/3

———=—AD,s, " /d 5-26

dot 18 "7 (5-26)
] an ﬂk 1/3 2/3

——— =AD" /d 5-27
o Prer (5-27)

All the above bubble coalescence rate expressions predict an increase in with increasing
gas holdup, turbulent energy dissipation rate, and collision efficiency but a decreased
coalescence rate with increasing of bubble size. All these trends conform to the extensive
experimental database developed by a large number of investigators. The most interesting
is that although bubble coalescence rate can be expressed in three different ways, the
resulting expressions are interrelated. The normalized coalescence rate expressed as the
rate of change in the interfacial area is thus equal to that expressed as the rate of change
in bubble size while the normalized coalescence rate expressed as the rate of change in

bubble population density is 3 times of that given by the interfacial area or bubble size,

1 da _l ad32

“adr d ot (5-28)
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Ldn_ o lda 1 ddy
n dt a dt d dt (5-29)

This suggests that if one expression of coalescence rate is available, the other two would

be calculated from such value.

5.2 Results And Discussion

Factors influencing bubble coalescence rate will hereby be presented including the effect
of various hydrodynamic and interfacial characteristics factors. The theoretical
coalescence model developed above will be adapted to fit the experimental results and

the role of interfacial parameters in the models will be discussed.

5.2.1 Effects of Hydrodynamic Factors on Bubble Coalescence Rates

Previous experimental studies on bubble coalescence can be categorized in two groups:

e the measurement of bubble coalescence time in stagnant liquids (e.g. Marrucci,
1969, Kim and Lee, 1987; Zahradnik, et al., 1995), and

¢ bubble coalescence rates calculated from the variation of bubble size in particular
pieces of equipment such as mechanically agitated tanks and bubble columns
(Calderbank et al., 1964; Lee et al, 1987; Prince and Blanch, 1990).
Unfortunately, the hydrodynamic conditions encountered in these units are very
complex and the simplifying assumptions of uniform conditions throughout the
vessel does not take into account the complex interaction between bubble

dispersion and coalescence taking place.

Both approaches can, therefore, not be used to determine bubble coalescence rates under
the wide range of hydrodynamic conditions encountered in various parts of a processing
unit. The present experimental investigation therefore focused on the use of well
understood hydrodynamic regime which approximates isotropic turbulent plug flow (Pipe
flow) in which coalescence is dominant. This, in turn, enabled the development of a
better understanding of the hydrodynamic factors affecting bubble coalescence (gas
holdup, bubble size, and local energy dissipation rate) which can be used to for the

purpose of equipment design and simulation
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5.2.1.1 Effect of Gas Hold-up on Bubble Coalescence

Due to the tendency of bubbles to coalesce as they move further away from the sparger
(i.e. from location 1 to location 2 in Fig.3.1), the Sauter mean bubble size was found to
increase with the consequent reduction in the specific interfacial area and bubble
population density (Fig. 5.2 a, b and c). As shown in Fig. 5.2 the difference between the
two locations is strongly influenced by the gas holdup in the system. This effect is
clearly depicted in Fig 5.3 where the specific interfacial area reduction rates, as well as
the bubble size growth rates, were found to increase with increasing gas holdup. This is
caused by the greater coalescence tendencies obtained at larger gas holdups (greater
collision frequency). On the other hand, the rate of change of bubble population density
was found to decrease with increasing gas holdup. This apparent anomaly is caused by
the tendency of the average bubble size, at any particular point, to increase with
increasing gas holdup, a factor that strongly affects the bubble population density (n o
1/ds2®). As shown in Fig. 5.2b, the bubble size increased by more than two times when
the gas hold-up was doubled. This causes an 8-fold decrease in bubble population
density, a factor that can not be compensated for by the increased coalescence rate. The
importance of this point is clearly shown in the results depicted in Fig. 5.4 a, b and c
where only the data having a consistent initial bubble size (d3; = 500 um) are shown.
Under those conditions, the rate of change of bubble population density (Fig. 5.4c) was
found to behave in a fashion that is consistent with those of the interfacial area reduction
rates, as well as the bubble size growth rates (Fig. 5.4 a and b), i.e. it increases with
increasing gas holdup. This example server to illustrate the importance of incorporating
all pertinent parameters that affect bubble coalescence in order to develop a physically

consistent understanding of the phenomenon.
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5.2.1.2 Effect of Local Energy Dissipation Rate on Bubble Coalescence

The local energy dissipation rate in the pipeline was changed by adjusting the velocity of
main liquid stream passing through the pipeline. The effect of this parameter on the
interfacial area, bubble size and bubble population density is presented in Fig. 5.5 a, b
and c. The specific interfacial areas of contact and the bubble population densities at both
locations 1 and 2 were found to increase and the bubble size to decrease with increasing
local energy dissipation rate in the pipeline. These observations stem from the fact that an

increase in the local energy dissipation rate will result in more frequent bubble break-ups.

On the other hand, an increase in the local energy dissipation rate will also increase the
frequency of bubble collision in which the bubbles have more possibility to contact and
coalescence with each other. As shown in Fig. 5.5 a and c, the lines representing

conditions at point 1 consistently deviate from those at location 2 as the local energy
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dissipation rate is increased. This suggests that the bubble coalescence rate is enhanced
by increasing the local energy dissipation rate. However, judging from Fig. 5.5 b, one can
draw an opposite conclusion due to the fact that the two lines at location 1 and 2
approach each other. This is an excellent example to demonstrate that the absolute
differential rate of a variable can fail to predict the true variation of this parameter. As
mentioned above, the use of normalized coalescence rate yields better indication of what
is actually happening. This is clearly shown in Fig. 5.6 where all normalized coalescence
rates, no matter whether expressed by the interfacial area, the bubble size or the bubble
population density, show a consistent increase with increasing local energy dissipation

rates.

All these trends agree with Eq. (5-13 to 5-15), the predictions of Lee et al. (1987), Prince
and Blanch (1990) and Chesters (1991) and the experimental findings of Prince and
Blanch where the superficial gas velocity is related to the local turbulent energy

dissipation rate.
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5.2.1.3 Effects of Bubble Size on Coalescence Rate

When both the liquid velocity of the main stream and the gas/liquid flow ratio are kept
constant, the bubble sizes generated by the sparger can be adjusted by varying the local
rate of energy dissipation in the throat. This, in turn, can be accomplished by either
changing the volumetric flow rate of the liquid passing through the sparger, or by altering
the cross sectional area of the throat through which that liquid has to pass, or by a
combination of both actions. The operational flexibility of this sparger was taken
advantage of to generate gas/liquid dispersions, having a wide range of initial bubble size
under essentially the same pipeline conditions (47 points). This approach was necessary
in order to accurately identify the effect of bubble size on coalescence rate, and to

separate this effect from others.
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The results obtained using tap water are presented in Fig. 5.7 a, b and c for a constant
liquid superficial velocity of 1.8 m/s. The variation of interfacial area and bubble
population density clearly show that bubble coalescence rate is faster for small bubbles
and decreases as the initial bubble size increases. This is clearly depicted in Fig. 5.8 for

the three formats of normalized coalescence rates.

The fact that the specific interfacial area and the bubble population density at point 2 is
essentially independent from the initial conditions (Fig. 5.7 a and c) suggest that bubble
breakage/coalescence essentially reached equilibrium at point 2 in the case of tap water.
This is clearly shown in Fig. 5.7 b where the final bubble size is independent of ds at
point 1. This behaviour is significantly different from the observations obtained using 2
ppm SDS (Fig. 5.9 a, b and ¢) where the interfacial area, the bubble size and the bubble
population density at point 2 vary as the initial bubble size increases. It implies that the

bubble breakage and coalescence at point 2 have not yet reached equilibrium conditions.

As shown in Fig. 5.10, all expressions of the coalescence rates were found to decrease
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Fig. 5.7a Effect of bubble size on gas/liquid dispersion characteristics : interfacial area
(water, Up= 1.8 m/s, @p= 0.07, g5= 25 w/kg)
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with increasing initial bubble size. The three normalized coalescence rate expressions
(interfacial area shrinking rate, bubble growth rate, and the bubble population decrease
rate) depict an obvious dependence on initial bubble size (Fig. 5.8 and 5.10). In another
word, when the bubble size is small, the bubble coalescence rate is fast. This is in
agreement with Eq. (5-13) to (5-15) and the predictions of Lee et al. (1987), Prince and
Blanch (1990) and Chesters (1991). However, no prior experimental verification of this
factor has been reported in the literature in which coalescence-dominated conditions were

ensured.

The 52 experimental points obtained using tap water were correlated using the stepwise
linear regression program of the SAS software package (Cody, et al., 1997). It selects the
most influential parameters first and progressively incorporates less significant ones until
the statistical significant test requirements (F test at 95% confidence limits) are no more

met.
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The following correlation was found to predict the effect of various hydrodynamic factors

on coalescence rates quite well,

_@ _ 27@[)0.978;;6611—2.0641. i (5-30)

dt

The values of t;, and t. were calculated using Eq. (5-20) and (5-22). The value of h; was
taken to be constant, 10° m, as suggested by Ivanov and Dimitrov (1974) and Mobius
and Miller (1998) whereas the value of h, was calculated using Eq. (5-24) in order to

account for the effect of hydrodynamic forces on this term.

A fairly good correlation coefficient was obtained (R2 = 0.93) over a relatively wide
range of experimental conditions (@p= 0.007 - 0.37, gp= 13 - 17 W/kg, d3»= 800 — 8,400

um) and covers coalescence rates that vary by two orders of magnitudes (Fig.5.11).
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Fig. 5.11 Comparison of experimental bubble coalescence rate in tap water with model

predictions (Eq. 5-30).

There are two cases (the experimental values are about 3.3x10°) that do not seem to

correspond to the model fitted to the bulk of the data. If these two were eliminated as



120

outlies, the fitting result would be improved. Because of the absence of any coalescence-
retarding agent, these data points were obtained using relatively large bubble diameters
(dz; = 0.8 — 8.4 mm) and their coalescence rate may be more suitably expressed using the

model recently-developed model by Kamp, et al. (2001).

Their model is more applicable to the situation of large bubble (e.g. 2 - 25 mm bubble
size range) where bubble deformation plays a more pronounced role. Using Eq. (5-30) to
predict coalescence rates for bubbles larger than 5 mm was found to result in
overestimating bubble coalescence rates. This is most probably caused by dimple formed

between deformable bubbles resulting in slow thinning (Ivanov et al., 1985 and Li, 1996).

Although Eq. (5-30) has the same form as Eq. (5-17), the value of empirically obtained
exponents differ significantly from those predicted by the theory. This is most probably
caused by the inherent assumption of a monodisperse bubble size distribution equal to the
Sauter mean diameters as well as by the fact that tap water exhibits some low—level

coalescence retardation due to the presence of trace quantities of minerals.

5.2.2 Effect of Interfacial Characteristics on Bubble Coalescence Rates

This section discusses the experimental results obtained in the presence of low SAA
concentrations. They will be used to develop a better understanding of how bubble
coalescence rate is retarded and the role played by various static and dynamic interfacial
characteristics (such as concentration, static surface tension, Gibbs surface excess, and

dynamic surface excess based on long-term approximation affect the coalescence rates).

5.2.2.1 Bubble Coalescence Retardation

It is well known that the presence of surface active agents (SAA) retards bubble
coalescence through their ability to modify the static and dynamic interfacial
characteristics of the system. This is clearly shown by the results in Fig. 5.12 a, b and c.
Compared to the results obtained with tap water, the normalized coalescence rates were
found to decrease radically in the presence of even minute quantities of SDS. For
example, in the case of d;; = 1.2 mm the normalized rate of change of bubble population

density was found to drop from 1.1 events per second (in the case of tap water) down to
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Fig. 5.12b Effect of SDS concentration on normalized bubble coalescence rate : bubble
size (0, 2, 5, 10, 50 ppm, ®p=0.08, ep= 16 w/kg)
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0.5 s in the presence of 2 ppm SDS. This represents a 2.2-fold reduction in the
normalized coalescence rate. The coalescence rate is further reduced to 0.2 s™ in the
presence of 5 ppm SDS, which represents more than 1-order reduction in comparison to
the case of water. Similar conclusions could be drawn in so far as the interfacial area

shrinking rate or the bubble growth rate is concerned.

Shown in Fig. 5.8 and 5.10 for air-water, the three normalized coalescence rate
expressions (interfacial area shrinking rate, bubble growth rate, and the bubble population
decrease rate) were found to depict a strong dependence on initial bubble size. However,
as can be seen from Fig. 5.12, the coalescence rate is dramatically reduced with
increasing SDS concentration. This is in agreement with the bubble coalescence time
findings of Marrucci and Nicodemo (1967), Oolman and Blanch (1986), and Zahradnik et
al. (1995).

Similar trends were observed in the case of film thinning time encountered in the foam
studies of Ivanov (1988) and Craig et al. (1993). In those investigations, the effect of
surface active agents on coalescence rates and foam stability has been mainly accounted
for through their ability to decrease static surface tension in the film thinning time

expression (Eq. 5-22).

5.2.2.2 Effects of Interfacial Characteristics on Bubble Coalescence Rate

The importance of SDS concentration on bubble coalescence rate can best be visualized
by considering the data presented in Fig. 5.13 a, b and c. In this set of data all
hydrodynamic factors were kept constant (gas holdup of 0.2 and local turbulent energy
dissipation rate of 16 w/kg which corresponds to U, = 1.2 m/s) and the initial bubble

size was close to 1 mm.

As can be seen from Fig. 5.13a, the spatial variation in specific interfacial area (i.e. the
~ difference between locations 1 and 2) was found to decrease with increasing SDS
concentration. Similar trends are observed in the case of Sauter mean bubble diameter
and bubble population density (Fig. 5.13b and c). In other words, within the
concentration range investigated, bubble coalesce is significantly retarded by the

presence of SDS. This is clearly depicted in Fig. 5.14 where the influence of SDS on the



1.2

1.0

0.8 -

0.6

-(1/n)dn/dt, 1/s

0.4

0.2

e >uHO

Tap water

2 ppm SDS
5 ppm SDS
20 ppm SDS
50 ppm SDS

0.0

0.0000 0.0003 0.0006 0.0009 0.0012 0.0015 0.0018

T

T T

d, m

T T

123

Fig. 5.12¢ Effect of SDS concentration on normalized bubble coalescence rate : bubble

population density (0, 2, 5, 10, 50 ppm, ®p= 0.08, gp = 16 w/kg)
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three normalized coalescence rates is shown. As the bulk SDS concentration increases
from 5 to 50 ppm, the interfacial area shrinking rate was found to be reduced by a factor
of 7, whereas the bubble growth rate and the rate of change bubble population density

were both reduced by a factor of 4 and 2 respectively.

The effect of interfacial characteristics on gas/liquid contacting in pure systems has
traditionally been accounted for in the variation of the value of the static surface tension,
o. This parameter, however, can not satisfactorily explain the significant increases in
specific interfacial area of contact encountered in the presence of very small
concentrations of secondary constituents (such as alcohols, acids, electrolytes) such as
those investigated by Divakarla (1983), Zlokarnik (1985), Al Taweel and Cheng (1996),
and Jamialahmadi and Muller-Steinhagen (1992). These large increases in interfacial area
of contact were achieved in conjunction with relatively small reductions in the static
interfacial tension (even an increase in the value of oy, in the case of electrolytes) which
resulted in the surface tension exponents being as high as —23.7 in order to accommodate
such observations (Al Taweel and Cheng, 1996). The need for using more sophisticated
interfacial characteristics was highlighted by Zlokarnik (1985) for the case of complex
industrial systems. In the case at hand (dynamic sparger in pipeline flow), the addition of
50 ppm SDS to water results in less than 40% reduction in the value of the static
surfacetension (Table 4.2) yet, the associated bubble coalescence rates can be reduced by

a factor as large as 28-fold.

To identify the interfacial characteristic that plays the most important role in controlling

bubble coalescence processes, the following parameters were evaluated:

e Static surface tension og,: which reflects the force per unit length (measured at
equilibrium) trying to minimize the interfacial area of contact.

e Surface pressure IT: which yields a measure of reduction in surface energy due to
the presence of SAA.

e Gibbs surface excess I'g: which represents the amount of SAA species adsorbed
per unit area of interface at equilibrium, and it also implies the rate of change of

surface energy with SAA concentration.
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e Dynamic surface tension oy which is the surface tension of a freshly created
surface measured after a given time of contact. It represents a non-equilibrium
state and a characteristic time is therefore needed for this parameter.

e Diffusivity and apparent effective diffusivity D and Dapy: those parameters result
from long-term approximation of SAA diffusion controlled process. However, as
shown in section 4.1, its value is constant over the concentration range covered by
the present investigation.

o Surface excess based on long-term approximation I': it stands for the quantity of
surfactant molecules adsorbed upon the surface per unit area of interface in the
process of that surfactant molecules are migrating from the subsurface onto the
interface, so it is a dynamic surface excess, but it possesses a static value when

applying in a certain time range of 0.08 — 6 s for SDS systems.

In order to find out how interfacial variables influence the bubble coalescence rate, the
coalescence rates at the same hydrodynamic conditions and almost the same initial

bubble size were plot against various interfacial parameters (Fig.5.14 - 5.18).
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Fig. 5.17 Effect of Gibbs surface excess on bubble coalescence rates (®Pp=0.2,ep=16
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The data for water were not included in the plots due to the larger initial bubble size from
that of the SDS solutions. As can be seen from Fig.5.14 to Fig 5.18, all normalized
bubble coalescence rates are sensitive to the above-mentioned interfacial characteristics;
that is to say that the bubble coalescence rate will decrease as Co, I, I'g, I'L increases, or

as ¢ decreases.

The static surface tension is often used to predict/correlate the effect of variation in
interfacial characteristics; however, it is well known that the characteristic coalescence
time is of the order of milliseconds whereas it takes much more than 3 s in order for SDS
to approach its equilibrium value (Fig. 4.5). This thermodynamic parameter is thus not
expected to yield a physically consistent explanation of the effect impurities have on the

very rapid and dynamic bubble coalescence processes.

The Gibbs surface excess, I'g, is an indication of the amount of surfactant species
adsorbed onto the gas-liquid interface at equilibrium and is derived from equilibrium
measurements. It is thus not expected to be a good representative of the non-equilibrium

bubble breakage and coalescence processes.

The surface pressure yields a good indication of the energy needed to deform bubbles
where the interfacial concentration is reduced due to the increase of their surface area
without the ability of new SAA to diffuse to the surface. However, it is, once again, based
on equilibrium surface tension measurement and suffers, therefore, from the same

problem as ¢ and I'c.

The dynamic interfacial characteristics of the system provide a good indication of the rate
at which SAA material diffuses to and adsorbs on the interface. This factor is expected to
play an important role in determining the coalescence rate of bubbles (Marrucci and
Nicodemn, 1967; Sagert and Quinn, 1978; Drogaris and Weiland, 1983 and Xue, 1999).
Unfortunately, the dynamic surface tension varies with the surface age and it 1s not
possible to use a single value to characterize the interface unless the characteristic

coalescence time is well known. Under the experimental conditions investigated, the
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latter was calculated to range from 0.2 ms to 36 ms depending on the complicated
hydrodynamics and interfacial characteristics. Attempts were therefore undertaken to use
the effective diffusivity and diffusivity of SDS in aqueous solutions as an interfacial
characteristic. However, as shown in Chapter 4, the diffusivity of SDS was found to be
insensitive to the variations in the bulk concentrations of SDS (D = 8.42x1071° 1n2/s) over
the concentration range investigated. It can thus not be used as an indicator of the

variation of interfacial characteristics with concentration.

The surface excess based on the long-term approximation, I'r, is obtained from dynamic
measurements and may be a suitable candidate for expressing the effect of interfacial
characteristics on bubble coalescence rates. As shown in Table 4.2, the value of I', varies
with SDS concentration but was found to be independent of surface age within the range
of concentrations studied in the present investigation. It can thus be used as a single

characteristic describing the effect of SAA diffusion/adsorption.

As mentioned before, a thin film is formed when two bubbles approach each other under
the influence of the turbulent conditions present the bulk of the liquid phase. The rate of
thinning of the thin film between the bubbles is dependent on the balance between the
attraction and repulsive forces, both of which are strongly influenced by the interfacial
properties. The attraction forces stem mainly from van der Waals attraction, while the
repulsive forces include double layer repulsive force (that is significant especially for
electrolyte solutions such as that used in the present investigation). Several authors
(Garrett, 1993; Christerson and Yaminsky, 1995; Rosen, 1996; Mobius and Miller, 1998)
analyzed the coalescence process in foam by considering the interfacial viscosity,
elasticity or visco-elasticity, Gibbs effect, and the Marogoni effect. Almost all of them
agree that as the concentration of SAA at the interface increases, the disjoining force will
increase and the coalescing process is retarded. Since the value of I'L increases with
increasing SDS concentration, it accounts for the presence of more SAA entities on the
surface of the bubbles and may, therefore, yield a good indicator of the repulsive forces.
Those disjoining forces are known to contribute to slowing down the liquid thinning
between the bubbles (Drogaris and Weiland, 1983; Pugh and Yoon, 1994; Weissenborn
and Pugh, 1996; Pashley and Crag, 1997).
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As a result of the above, bubble coalescence time will increase because of the slower film
drainage rates. Since the contact time between the two colliding bubbles remains
essentially constant, the ratio of coalescence time to contact time increases and the
coalescence probability expressed by Eq. (5-16) decreases, thus resulting in a retardation

of the bubble coalescence process.

5.2.3 Modeling Bubble Coalescence Rate in Industrially-Simulated Systems

The experimental results obtained in this investigation will be used to discern amongst
those many parameters using the theoretical expression given in Eq. (5-13). This
expression format was selected because it is based on the same concepts used in the
physical interpretation of bubble coalescence in the case of pure systems, a situation
which was found to apply well to the case of tap water (Eq. 5-30). The linear regression
program of SAS was applied to air-SDS aqueous solutions, similar to Eq. (5-30), the

correlating equation is as follows,

—'% — 55®%05]1;6d~5.06*1-0f‘;/ti (5-31)

The regression coefficient is as low as 81%, moreover, the power for the bubble diameter
is significantly higher than that in Eq. (5-30). It implies that if the bubble size increases
doubly, the bubble coalescence rate will decrease 1-order of magnitude, which do not
agree to the observation as shown in either Fig. 5.8 or Fig.5.10. The reason why Eq. (5-
31) is not able to express the bubble coalescence rate of air-SDS aqueous solutions fairly
might be that it is not sufficient for the surface tension as the only interfacial indicator

taken into account in the bubble coalescence time.

As we know that the presence of SAA in the system is expected to increase the film
drainage time and hence, affect the value of L. To differentiate between coalescence
efficiency in pure and contaminated systems, the coalescence efficiency in contaminated

systems is designated as the effective coalescence efficiency, Agtt, expressed as

Agy= A * correction factor = e fei g X (5-32)



132

An exponential form, similar to that used to describe the effect of hydrodynamic
parameters, was used to express the role of the interfacial characteristics in retarding
bubble coalescence in order to keep the physical model consistent (i.e. that the
coalescence efficiency is controlled by the ratio of the bubble contact time relative to the

film drainage time).

This concept is similar to that used by Sagert et al. (1976) to account for the effect of
stretching and collapsing on the film thinning time encountered as the foam drains. The
first characteristic time, t¢/t;, accounts for the effect of hydrodynamic factors (such as
local energy dissipation, bubble diameter, and continuous fluid density) as well as for the
effect of the static surface tension, on coalescence efficiency. These can be calculated
using the Eq. 5-20 and 5-22. The second characteristic time, X, accounts for the
coalescence retardation that takes place due to the additional interfacial forces generated
due to the presence of SAA. By using the parameter X it may be possible to extend the
usage of the expression obtain for pure systems to include industrial streams that exhibit

complex interfacial characteristics.

Bubble coalescence rate can thus be expressed as,
= ﬂ, ¢2 @(;3 504 dc5:CI (e—t(;/t,- )02 (e~x)c‘3 @(;4 805 dc6 (5_33)

where ¢/-c6 are empirical constants.

As demonstrated in Chapter 6, the non-dimensional interfacial characteristics can
successfully be applied to describe the effect of SAA on the performance of the dynamic
sparger, i.e. bubble dispersion, and may well be suitable for use to characterize the effect
of the interfacial characteristics on bubble coalescence. Moreover, allow for the retention
of the non-dimensional nature of the coalescence efficiency. The interfacial parameters
Co/Cemc, 1T Cwater, 16/ Tonass 11/1 max, Were selected to stand for X in Eq. (5-32) in order to

assess the effect of SAA on bubble coalescence rate.
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The 677 experimental data points (water and aqueous SDS solutions) were analyzed
using the stepwise linear regression program of the SAS software package (Cody, et al.,

1997). The following regression expressions were obtained,

~(0.794120-C0y

_ %:_ — O_SOCDFI'OSPI'SGI_”(? t; Ceme (R2= 088) (5_34)
dn o 15 g -(0.73%+0.39UI: ) 5

_EZO'S&DP g, d e " “ (R°=0.87) (5-35)
dn Lo 15 —(0.69%+0,34FFTG) 5

= =0.54D, ¢, "d e i s (R"=0.87) (5-36)
dn 10 15 427 _(0'68%H'82rn_) 2

- =0.46®, "¢, d e i Mas (R =0.89) (5-37)

All four regression expressions were found to a yield satisfactory fit (R* > 0.87) for
bubble coalescence data obtained over a wide range of experimental conditions
(surfactant concentration of 0 - 50 ppm, 0.008 < ®g <0.5,4 <g, < 26 w/kg, 30 um < d3
< 11,000 pm. This must be considered to be a very good fit considering that the bubble

coalescence rates fitted by this correlation vary by five orders of magnitudes (Fig.3.19).

Because of the fact that the value of all 4 correlation coefficients were close to each
other, it was not possible to discriminate amongst the four correlations and identify the
most suitable interfacial characteristic. Although the interfacial concentration and surface
activity of SDS solutions are not linearly proportional to its bulk concentration, this
parameter is the simplest one to use. It was rendered dimensionless by dividing it by a
convenient concentration that is often used as an indicator of saturation, namely the
critical micelle concentration, Ccmc. The static surface tension is often used to
predict/correlate the effect of variation in interfacial characteristics; however, it is well
known that the characteristic coalescence time is of the order of milliseconds whereas it

takes much more than 3 s in order for SDS to approach its equilibrium value (Fig. 4.5).
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This thermodynamic parameter can be accounted for as a dimensionless ratio [(Swater -

GStatic) / Owater = I GWatcr]-

Since it is easy to measure and identify the values of the static parameters Co/Cemc and
[1/Gwater, it is recommended that the correlations similar to those given by Eq. 5-33, 5-34
or 5-35 be used to predict the effect of SAA on bubble coalescence. This
recommendation is based on purely statistical grounds since the use of Co/Cemc , I1/Gwater,
or I'¢/T'max, does not take into account the fact that all these parameters are derived from
equilibrium measurements and do not reflect the interfacial conditions taking place at the
rapidly changing gas/liquid interface. The situations could be significantly different when
the contaminants are more complex and significant interfacial viscoelasticity 1is

encountered.

The dynamic interfacial characteristics of the system provide a good indication of the rate
at which SAA material diffuses to and adsorbs on the interface. This is expected to play
an important role in determining the coalescence rate of bubbles (Xue, 1999).
Unfortunately, the dynamic surface time varies with the surface age and it is not possible
to use a single value to characterize the interface unless the characteristic coalescence
time is well known. Under the experimental conditions investigated, the latter was
calculated to range from 0.2 ms to 36 ms. Attempts were therefore undertaken to
calculate the effective diffusivity and diffusivity of SDS in aqueous solutions. However,
as shown in Chapter 4, the diffusivity of SDS was not found to be sensitive to the
variations in the bulk concentrations of SDS investigated (D = 8.42x107'% m%s). It can
thus not be used as an indicator of the variation of interfacial characteristics with

concentration.

The dynamic surface excess based on the long-term approximation, I't, has been
proposed to express the effect of interfacial characteristics on the bubble coalescence
rates. As stated in Chapter 4 and Chapter 6, I'L is a better indicator to represent the
interfacial characteristics in dynamic bubble breakage and coalescence. This is due to its
ability to account for the diffusivity of the surface active species, gradient of the dynamic

surface tension as well as for the bulk concentration of that species given in Eq. (4-20).
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This advantage will emerge when comparing effects for different type of SAAs as will be

discussed afterwards.

As stated in Chapter 2, available models could not be applied to either turbulent systems
or impure systems. It is therefore interesting to note that, as shown in Fig. 5.19, the
proposed model (Eq. 5-36) can correlate data that cover a very wide range of
experimental conditions (64-fold increase in gas holdup, 6-fold variation in local energy
dissipation rate, and 420-fold jump in bubble diameter). The ability of this parameter to
account for the effect of interfacial characteristics is in line with its ability to correlate the

sparger performance obtained using SDS solutions (Eq. 6-16 and 6-20).
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Fig. 5.19 Comparison of bubble coalescence rate between experiment and model by

Eq.(5-37)

Correlations describing the coalescence rate expressed as the rate of the interfacial area
decrease, and the rate of bubble size growth, can be derived from the above mentioned

population density correlation by using Eq. (5-7) and Eq. (5-8).
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There are very few investigations of the effect of different SAA systems on bubble
coalescence rate under turbulent fluid flow conditions. The closest case is the
experimental research conducted by Prince and Blanch (1990) in which they determined
bubble coalescence rates in bubble columns filled with Na,;SO; or NaCl aqueous
solutions. Their results, expressed as bubble coalescence rates, (that is coalescing event
per bubble per second, —(1/n)*(dn/dt)), are plotted in Fig. 5.20 along with the SDS data
generated in this investigation. In all cases, the bubble coalescence rates were found to

decrease as the bulk concentrations of the solutions increase.

As indicated by both experimental results and modeling prediction (Eq.5-30 and 5-33 to
5-36) results, small bubble and intensified hydrodynamics will lead to high coalescence
rate, therefore 1 mm bubbles in pipe flow for SDS aqueous solution are supposed to
exhibit higher coalescence rates than that of 3.8 mm bubbles in a bubble column filled
with Na,SOs or NaCl. However, the coalescence retardation effectiveness of the various
agents was found to change this fashion significantly. Thus, for example, the presence of
0.1 mM SDS can reduce bubble coalescence rate from around 0.8 1/s for water system
down to 0.4 events per bubble per second whereas 4 mM Na;SO3 or 90 mM NaCl are
needed in order to accomplish the same effect. In another words, with the same SAA
concentration, the bubble coalescence rate for SDS will be remarkably lower than that of
either Na,SO4 or NaCl system. This vast concentration difference (up to 900-fold) can be
partially explained by the above-mentioned concepts since the diffusivity of NaCl is
significantly larger than Na,SO4 or SDS (lS.leO'lO m¥s vs. 11.4x10™"° m%s for NaCl
and 8.425x10™'° for SDS). On the other hand, as shown in Fig. 4.9 of Chapter 4, the
slopes of the dynamic surface tension vz. 2 for high concentration of SDS solutions are
generally larger than those of low concentrations, which implies that the surface tension
gradients, do/dt'”, are large at high SDS concentration that will require more time to
overcome the resistance to film thinning. This is another reason why bubbles in higher

concentrated solution coalesce slowly.

Although other interfacial parameters such as the bulk concentration, the static surface
tension, the surface pressure and the Gibbs surface excess can well describe the

coalescence rate as long as the coalescence efficiency is expressed in exponential format
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of interfacial parameters, the physical meaning of the surface excess based on the long-
term approximation, I'r, is projected to be of wider applicability since two dynamic
factors , D and do/dt™" 2, are taken into accounts in calculating the value of I'r (as shown

in Bq. 4-20).
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Fig. 5.19 Comparison of bubble coalescence rate among three surface active agents (For
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Larger values of either D or do/dt™* yields larger I'L values which, in turn, predicts the

generation of smaller bubble coalescence rate (Eq.5-36). One also realize that I'y includes

12

not only D and do/dt™"* but also the bulk concentration Co. The other advantage of using

[, is that at the same bulk concentration, different SAAs exhibiting different surface

1/2

activities (expressed by D and do/dt ") will explain how coalescence rate is hindered.

The exponents for the hydrodynamic factors (such as,@,,¢,,d) obtained in those four
correlations (Eq. 5-33, 5-34, 5-35, 5-36) and in the water system (Eq.5-30) are similar;
which implies that the effects of hydrodynamic factors are well defined in both systems.
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However, they are a little different from those predicted by the theoretical model (Eqg. 5-
17). This is most probably caused by the inherent assumptions in the model of a
monodisperse bubble size distribution, and the use of the experimentally determined

Sauter mean diameter as a representative of this characteristic diameter.

Although the experiments were carefully designed in order to maintain the dominance of
the bubble coalescence mechanism, the difficulties encountered in clearly identifying the
interfacial characteristic controlling coalescence rate can be attributed to the dominance
of the hydrodynamic factors (bubble diameters, energy dissipation rates, gas holdup) and
the fact that the SDS system investigated yields little interfacial viscosities. The
interference of electrical charge, stemming from the use of a cationic SAA, could also
have had an effect that is not accounted for in the present analysis. It is therefore
suggested that further investigations be undertaken using a wide range of surface active
materials (such as alcohols, organic acids, non-ionic and ionic SAA) and broad

concentrations in order to delineate this issue.

5.3. Conclusions

1. A comprehensive experimental investigation of bubble coalescence rate in
turbulent pipe flow was undertaken using a broad range of experimental
conditions (i.e. 0.008 < @g < 0.5, 4 < g, <26, 25 pm < d3» < 8,700 pum, and SDS

concentration range 0 - 50 ppm).

2. Factors affecting bubble coalescence can be categorized into two groups, one
pertains to hydrodynamics conditions (gas hold-up, energy dissipation rate, and
bubble size) while the other deals with interfacial properties. The effect of all
these factors on bubble coalescence was thoroughly explored. The bubble
coalescence rate was found to increase as the gas hold-up and the energy
dissipation rate increase, and decrease as the bubble size and the SAA

concentration increase.

3. Different forms to express the bubble coalescence rate are summarized and their

relationships are revealed.
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4. Compared to tap water, the relative coalescence rates were found to decrease
radically by the presence of a minute dosage of SAA. For example, the relative

bubble coalescence rate could be 1-orderly diminished by addition of 5 ppm SDS.

5. A better understanding of the role interfacial characteristics plays in retarding
bubble coalescence rate in gas/liquid turbulent flow was developed. The
exponential format of interfacial parameters can prevail to characterize effect on
bubble coalescence processes, which implies that the interfacial characteristics
affect the bubble coalescence through influencing collision efficiency. Different
interfacial parameters such as the static surface tension, surface pressure, Gibbs
surface excess and surface excess based on long-term approximation are
evaluated in regard to explain how SAA retards the bubble coalescence rate, and

the last parameter might be better to serve the job.

6. A theoretical model for particle coalescence rate is simplified and adapted to
current bubble coalescence rate in turbulent flow. It is not only applied to pure
water system but also to impure industrial streams displayed surface activity. The

equation obtained is in a good agreement with the experimental results.

7. Under the similar operating conditions, 0.1 mM SDS can prevent bubble
coalescence to the same degree as either 4 mM Na,SO3 or 90 mM NaCl solutions.
It suggests that a proper selection of SAA would exceedingly cut additive

consumption without impairing the gas-liquid contacting.
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CHAPTER 6 BUBBLE DISPERSION AND PERFORMANCE OF A
NOVEL DYNAMIC SPARGER

6.1 Introduction

Gas-liquid contacting plays an important role in a multitude of environmentally
related operations such as: absorption of impurities, stripping of residual volatiles
from aqueous streams, air oxidation of water soluble components, supply of oxygen
requirements in biological wastewater treatment, wastewater remediation by
oxidation/ozonation, and the removal of suspended fine particles and insoluble oils by
selective flotation of constituents (Grosz-Roll, 1972; Zlokarnik, 1985; Mikekiilineni
and Kinickle 1985, Mutsakis, et al.,1989; Rader, et al.1989, Xu and Finch 1989,
Shaw et al., 1994; Al Taweel et al. 1995).

Spargers are commonly used as means for dispersing the gas into bubbles in order to
enhance contact between the phases. Unfortunately, most conventional sparger types
generate relatively large bubbles that generate low interfacial area of contact between the
phases. Gas dispersion is, therefore, often promoted through the introduction of
additional mechanical energy that is used to further disperse the gas into smaller bubbles
as well as to mix the liquids phase present in the contactor. Unfortunately, this approach
is energy inefficient, in so far as bubble dispersion is concerned and its use results in the
development of a broad residence-time-distribution and the consequent reduction in the
mass transfer driving force (factors that reduce the overall effectiveness of the operation).
On the other hand, the use of dynamic spargers in combination with pipeline processing
can be quite advantageous because of their ability to achieve very high interfacial area of
contact and maintain plug flow conditions. Furthermore, the latter approach provides the
ability to optimize energy input according to process needs and generates very narrow

residence time distributions.

Spargers are usually classifies into two general categories, namely static and dynamic
spargers. The former sparger type relies on buoyancy and/or shear forces to form

bubbles and includes devices such as perforated plates and tubes, porous/sintered



distributors, slotted rubber sleeves. On the other hand, the dynamic spargers rely on
the kinetic energy present in the liquid stream to breakup the gas phase into small
entities. This group includes devices such as two-phase ejectors, and static mixers.
Their use offers the following advantage (Kastanek et al. 1993; Chen and Al Taweel,
1994; Lee and Tsui, 1999):

e The ability to generate very high interfacial area of contact in the mixing
zone results in accelerating mass-transfer and chemical reaction rates. This
process intensification results in significant reduction in the mixer volume

requirements,
e The ability to handle large throughputs in an energy-efficient manner,
e The absence of moving parts results in low maintenance requirements,
e Relatively low capital costs,

e Low axial dispersion, a factor that plays a major role as the equilibrium

conditions are approached,

e Narrow residence time distributions, this is an important factor that
facilitates the control of product quality and enhances selectivity in case of

competing reactions and/or absorption,

e Some designs have the ability to control bubble sizes in response to

variation in process requirements.

In the case of single-phase pipe spargers, the dominant breakage mechanism
responsible for the formation of bubbles is the breakage of the gas jet formed at the
tip of the sparger. The size of bubbles genecrated by this type of sparger is thus
controlled by the kinetic energy of the gas jet relative to that of the surrounding liquid
(which is controlled by gas flow rate and the diameter of the pipe sparger) and the
surface tension of the system. On the other hand, the mechanism responsible for the
formation of bubbles in two-phase spargers is the turbulent breakup taking place as

the two-phase system passes through regions of high energy dissipation rates.

141
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When a gas-liquid mixture is exposed to the action of turbulence, a dynamic equilibrium
between bubble dispersion and coalescence processes takes place. Under the continuous
flow conditions encountered in static mixing operations, small bubbles are formed in
regions of high turbulence intensities but tend to coalesce as they migrate into regions of
where energy dissipation rates are lower. The maximum stable bubble size in a
turbulently flowing liquid was analyzed by Levich (1962); Prince and Blanch (1990) and
Hesketh et al.(1991), and is given by Eq. (2-7) and Table 2.1.

This relationship demonstrates that the maximum bubble diameter decreases as the gas
density p, liquid density pr, or local energy dissipation rate are increased. However, the
maximum bubble size will be larger at higher surface tensions. The above equation
provides only a simple guideline about what the maximum stable bubble size in a flowing
gas/liquid system because breakage efficiency (which is a function of the residence time
in the hydrodynamic region responsible for breakup) is not taken into consideration.
Better understanding of the mechanisms responsible for bubble generation is, therefore,
needed in order to optimize the sparger performance. This was addressed in the
experimental program discussed in Chapter 3, and the subsequent analysis of the results

undertaken in this section.

6.2 Results and Discussions

The criterion by which the sparger’s performance is to be evaluated depends on the
nature of the environmental treatment process considered. In the case of operations
controlled by mass transfer between the phases (e.g. ozonation, oxygen transfer, stripping
of residual volatiles) the objective is to enhance the gas/liquid interfacial area of contact.
On the other hand, in the case where spargers are to be used for the removal of suspended
particles and oil droplets by flotation, the performance of the separation process is
strongly influenced by the size of the bubbles formed as well as by their number density.
Hence, the gas/liquid contacting performance of the sparger was evaluated on the basis of

its ability to generate:
e small bubble sizes, a,

e high bubble population density, n, and,
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e large specific interfacial area of contact, a.

The three parameters a, ds, and n are not independent but are interrelated by Eq. (3-1),

Eq. (3-2) and,

a

_ 6-1
po—ry (6-1)

n

All of these parameters were found to be strongly affected by several factors such as: the
gas to liquid volumetric flow ratio in the sparger, gas to liquid volumetric flow ratio in
the pipeline, pressure drop across the sparger and the interfacial characteristics of the

system being treated.

6.2.1 Effect of Gas Holdup

The effect of the gas to liquid volumetric flow ratio in the pipeline (termed as Qg/QL or
Ug/UL or gas holdup, ®g) on the interfacial area of contact, bubble size, and bubble
population density is shown in Fig. 6.1a, b, and ¢ for the air/aqueous MIBC system. The
size of the bubbles generated at low G/L ratio values was found to be very small (less
than 200 pum at a pressure drop of 30 psi) at very low gas holdups but increased with
increasing G/L ratios (Fig. 6.1b). The influence of gas holdup on the Sauter mean bubble
diameter was pronounced in the case of pure water and decreases as the coalescence
tendency of the system decreased (i.e. at higher additive concentration). This is caused by
the small bubbles formed at the high energy dissipation rates encountered within the
sparger tending to coalesce into larger entities under the lower energy dissipation rates
encountered in the pipe flow region, a phenomenon which is promoted at larger gas
holdups. The dramatic reduction bubble population density (Fig. 6.1c) is caused by the
same mechanism. The combined effect of these factors results in the formation of a
smaller number of large bubbles at higher gas to liquid ratios. As can be seen from Fig.
6.1a, this results in a net increase in the interfacial area of contact between the phases, a

tendency which levels off (or is slightly reversed) at very high G/L ratios.
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The point at which increasing gas holdup can detrimentally affect the sparger’s
performance is very dependent on the performance criterion considered (i.e. ds, n, or a)
as well as on the pressure drop across the sparger, and the coalescence tendencies of the
system. For example, the bubble size and bubble number density are always adversely
affected, i.e. decreased by increasing the value of G/L ratio whereas the interfacial area
increases as the G/L ratio increase. Therefore optimum gas holdups were identified at
values 0.1 < Qg/Qr < 0.3 depending on the above mentioned parameters. This is
attributed to the bubbles being more likely to collide and coalescence to form larger

bubbles at higher gas holdups.

Bubble population densities as high as 500 bubbles/mm’ were obtained at very small gas-
to-liquid flow ratios (0.02) and large pressure drops (50 psi). This population density, and
the size of the bubbles formed (down to 30 pm), compares favorably with those obtained
using conventional dissolved air flotation (DAF) systems. However, the use of two-phase
dynamic spargers can greatly simplify the process and provide the ability of varying the
size of the bubbles according to process needs. The dynamic sparger may therefore be
advantageously used to overcome the bubble generation problems encountered in many
DAF systems and to provide a degree of control that allows the generation of optimal
bubble sizes. These are needed when the suspended particles require the production of
bubbles larger than 30 um in order to provide adequate buoyancy forces for the particle-

bubble complex (e.g. in the treatment of oily water).

The results obtained using SDS system (see Fig. 6.2a, b and c, ) show similar trends to
those obtained using the MIBC system. At a constant local energy dissipation rate in the
throat, e, a larger number of bubbles is generated. However, these bubbles tend to
coalesce as they move to the regions of lower energy dissipation rates prevalent in the
divergent section of the sparger as well as in the 0.47 m section of the pipeline where the
two-phase jet mixes with the main flow in the pipe. Consequently, the net effect is

strongly affected by the coalescence tendencies prevalent in the system as well as how
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Fig. 6.2a Effect of gas holdup on performance of two-phase dynamic sparger with
various concentrations of SDS solution (U= 1.1 m/s, U s= 0.1 m/s) : interfacial area
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strongly the monitored parameter is affected by increasing coalescence rates. For
example, as can be seen from Fig. 6.2a, b and ¢, the specific interfacial area and the
Sauter mean bubble diameter were found to increase with increasing gas holdup whereas
the bubble population density was found to decrease with increasing gas holdup. The
slight increase in bubble population densities observed at relatively high SDS
concentrations is most probably caused by the formation of smaller bubble diameters at
larger gas holdups (due to a slight increase in the value of ety which is based on the

water content in the two-phase stream).

As can be seen from Fig. 6.1 (a, b and ¢) and 6.2 (a, b and ¢), the results obtained using
the rapidly-coalescing system air/tap water are significantly different from those obtained
in slowly-coalescent systems. This points out the importance of taking into consideration
the effect of interfacial characteristics in gas dispersion. This is in agreement with the

findings of Al Taweel and Cheng (1997).

The importance of the liquid flow rate within the dynamic sparger, Urs, can best be
visualized by considering the overwhelming difference in bubble dispersion performance
depicted in Fig.6.3. Under the conditions shown in Fig.6.3-1, the sparger behaves as a
static sparger in which bubble dispersion takes place extraneously. On the other hand,
bubble dispersion takes place inclusively within the sparger under the conditions shown

in Fig.6.3-11.
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I II

Fig. 6.3 Performance comparison between static and dynamic spargers (UL = 1 m/s,
Qgs/QL= 0.3, 20 ppm MIBC)
I: Bubble produced by static sparger: d3; = 2,000 pm
II: Bubble produced by dynamic sparger: d3;= 300 um

6.2.2 Effect of Local Energy Dissipation Rate in Sparger

As discussed in Chapter 3, the local energy dissipation rate in the sparger, € is directly
related to the pressure drop across the sparger, AP, as shown in Eq. (3-11), and it
increases with increasing AP. For a given gas-to-liquid flow ratio, an increase in APs , or
& , yields smaller bubbles, larger bubble population densities and bigger interfacial area
of contact. This was found to be the case when the pressure drop across the sparger is
increased from 15 psi to higher values (Fig. 6.4 a, b, ¢ and Fig. 6.5 a, b, ¢). This finding is
in agreement with the observation of Lee, et al. (1987) and Hesketh, et al. (1991b).
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Fig. 6.4a Effect of pressure drop on performance of two-phase dynamic sparger (UL =

1.1 m/s, ®g = 0.27, 20 ppm MIBC) : interfacial area

3000
el U o = 0.26 M/s
2500 - A- Ug=019m/s
g U g = 0.10 M/s
wifpe Uy = 0.07 m/s
2000 - \
E "L
S v
- 1500 \ \
P \ N
u -~
A
1000 - “a N
v -
.\,‘:: \ ~ v
-~ \" -
500 K -A v
T el e iy
O I I I I 1 1 1 1
10 15 20 25 30 35 40 45 50 55
APsparger’ pSi

Fig. 6.4b Effect of pressure drop on performance of two-phase dynamic sparger
(Up= 1.1 m/s, ®g = 0.27, 20 ppm MIBC ) : bubble size




151

i Uy = 0.26 M/s
14 |- - A- 0 =019m/s
—w— U =010 m/s e

12 |- e U g = 0.07 M/s /

n, 1/mm’
o

A~

’ -

2r A /

e —

0 "a;jg;’:y‘::; : I ! !

10 15 20 25 30 35 40 45 50 55

APsparger ’ pSi

Fig. 6.4c Effect of pressure drop on performance of two-phase dynamic sparger (U=
1.1 m/s, ®g = 0.27, 20 ppm MIBC ) : bubble population density

1600
- /
1400 - / —e— 2 ppm SDS
- 5 ppm SDS
- A- 10 ppm SDS
1200 - —p— 20 ppm SDS
E 1000 |-
NE s e A
& 800 AT
Y 2 ——
A —
A
600 - 4 L
400 |- ._’/.———0-—'“’__”_.
200 | | | | |
10 20 30 40 50 60 70

Apsparger » psi

Fig.6.5a Effect of pressure drop on performance of two-phase dynamic sparger in
various concentrations of SDS solution (UL = 1.2 nv/s, Urs= 0.2 mv/s, g = 0.08)
:interfacial area




1400
—&— 2 ppm SDS
—#— 5 ppm SDS
1200 - - A- 10 ppm SDS
sy 20 ppm SDS
1000 -
E
~ 800 -
o
© A \‘
A
600 |- A N T
R ¥
"""""" A
400 |-
e——— .
——y
200 | | L | L
10 20 30 40 50 60 70

Apsparger ’ pSi

Fig.6.5b Effect of pressure drop on performance of two-phase dynamic sparger in
various concentrations of SDS solution (Up= 1.2 m/s, Urs= 0.2 m/s, g = 0.08)
:bubble size

N e

—&— 2 ppm SDS
-~ 5 ppm SDS
4 - &- 10 ppm SDS

"’E ~— 20 ppm SDS
E ;L
-
<
27
.- A
1 ‘_,_-A -----
e - el el
0 |- *o——8— —_— —
| | | | |
10 20 30 40 50 60 70

Apsparger ’ pSi

Fig.6.5¢ Effect of pressure drop on performance of two-phase dynamic sparger in
various concentrations of SDS solution (Ur= 1.2 m/s, Urs= 0.2 m/s, ®g = 0.08)
: bubble population density

152




153

The effect of pressure drop on bubble dispersion is most pronounced at higher ULs values
and has very limited effect on the bubble population densities at low sparger liquid flow
rates (Fig. 6.4c). This is mainly caused by the tendency of the fine bubbles formed in the
region of maximum energy dissipation to re-coalescence within the sparger as a result of
increasing gas holdup encountered at lower Urs values. For example, the gas holdup
within the sparger could reach values as high as @ = 0.8 under the lowest sparger liquid
flow rates (Urs = 0.07 m/s), whereas it is about @ = 0.55 when the sparger liquid velocity
is increased up to Urs= 0.26 m/s. Consequently, coalescence of the microbubbles formed
in the region of maximum energy dissipation is expected to be much smaller in the
second case. Naturally, this effect is expected to be less pronounced the lower is the

coalescence tendency of the system.

In order to understand the effect of the energy dissipation on gas liquid contacting
properly it is necessary to consider the spatial variation within the contactor, particularly
in industrially-relevant systems where coalescence tendencies can be significantly
impacted (Al Taweel et al. 1991; Al Taweel and Cheng, 1995). The hydrodynamic
conditions encountered within the sparger and those prevalent in the pipeline are quite
different. Most of the energy dissipation in the present system is focused within the
sparger (thereby resulting in very high e values) whereas the multi-phase flow in the
pipeline encounters relatively little energy losses. The counteracting processes of bubble
dispersion and coalescence (shown in Fig. 6.6) exist throughout the whole gas/liquid
contacting system but are shifted in one direction or the other depending on the local
value of € in the two regions. The bubbles will break up when they move into a higher ¢

region; otherwise they tend to coalesce in a lower € region.

Coalescence 5o

S50
g 0°
A
v
OO

0
et

Dispersion o O

Fig. 6.6 Dynamic equilibrium between bubble dispersion and coalescence processes.
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The results obtained suggest that in situations where the coalescence rate is slightly
retarded by the presence of impurities (i.e. relatively high concentrations of MIBC and
SDS), focusing of energy dissipation within a small fraction of the contactor’s volume
results in better gas liquid performance. As can be seen from Fig. 6.7 a, b and c, the
higher the local energy dissipation rate within the throat, the better is the performance of
the sparger. That is to say, smaller bubbles will be formed, larger interfacial area will be
generated, and larger bubble population densities will be achieved. The variation of
energy dissipation rate within the throat was achieved by mechanically adjusting the
volume of the throat (or the cross sectional area of flow through the throat) in a fashion

such that the total sum of energy consumed by the system is kept constant.

As the ratio of the local energy dissipation rate in the sparger, relative to that in the pipe,
increases the interfacial area generated by the sparger is radically increased while the
bubble size is dramatically decreased and the bubble population density is significantly
increased (Fig. 6.7 a, b and c¢). For example, a 3-fold increase in the energy dissipation
ratio was found to result in more than 6-fold increase in the specific interfacial area while
the Sauter mean diameter is reduced by a factor of about 7 and the bubble number density
jump up by a factor of more than 300. These benefits provide a guideline for the proper

sparger design of dynamic spargers and the optimization of their operational conditions.

As shown in Fig. 6.5 a, b and c, the effect of the pressure drop is more pronounced the
higher coalescence retardation is. This phenomenon can be ascribed to the augmentation
of local energy dissipation rates within the sparger and the consequent shifting of the
dynamic equilibrium between the bubble dispersion and coalescence processes towards
the formation of smaller bubbles. Thus for example, using Eq. (2-7), the maximum
bubble size generated within the sparger was estimated to be 5 pm when the pressure
drop across the sparger is 52 psi. The difference between the bubble size formed by the
sparger and the equilibrium bubble size prevalent under any particular pipe flow

conditions is thus expected to increase the larger is the pressure drop across the sparger.
The importance of coalescence retardation therefore increases as the APg increases. This

observation is similar to those reported by Al Taweel and Cheng, 1995, and by Al Taweel
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et al., 1997. However, the maximum interfacial area obtained using the present sparger
(5,300 m*/m®) is significantly higher than those reported by Al Taweel and Cheng (3,800
m*/m’) and the use of the dynamic sparger offers the possibility of on-line adjustment of

the dispersion characteristics.

6.2.3 Effect of Interfacial Characteristics

It is known that the presence of impurities (e.g. as low as 10 ppm SAA) in gas/liquid
systems usually results in lowering the static surface tension, a factor which facilitates
bubble breakage (Hesketh et al., 1991) and profoundly retards bubble coalescence
(Zlokarnik, 1985; Walter and Blanch, 1986; Prince and Blanch, 1990; Kastanek et al.,
1993).
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The effect of surfactant type and concentration on the interfacial area of contact, Sauter
mean bubble size, and bubble population density are portrayed in Fig. 6.8 a, b and ¢ and
6.9 a, b and c. They clearly show that much higher interfacial area of contact (i.e. a
larger number of smaller bubbles) is obtained when systems depicting large coalescence
retardation (simulated by using higher surfactant concentration in the aqueous phase) are

encountered.

The importance of the above mentioned findings can not be over-emphasized since
almost all multi-phase industrial streams contain a third component (such as alcohols,
sugars, salts, organic acids, proteins, and clays, etc.) the presence of which is known to
exhibit surface activity. The presence of these contaminants is known to retard bubble
coalescence (Zlokarnik, 1985; Prince and Blanch, 1990; Gomaa et al, 1991;
Jamialahmadi and Muller-Steinhagen, 1992; Al Taweel and Cheng, 1995) and the
gas/liquid contacting characteristics of these industrial streams are therefore expected to
be greatly different from those of the pure systems used in much of the multi-phase
contacting R and D efforts. Furthermore, it is possible to say that the sparger investigated
is particularly effective for facilitating inter-phase mass transfer to industrial streams
where coalescence retardation is significant. Interfacial areas of contact as high as 5,300
m?/m’ were achieved when slowly coalescing liquids (80 ppm MIBC) were contacted
using large gas-to-liquid flow ratios (0.6 and high pressure drops 52 psi). Since
coalescence is not fully suppressed in any of the experiments conducted in this
investigation (due to the use of trace amounts of SAA) the system still exhibits some
coalescence tendency. The gas/liquid contact characteristics (interfacial area, Sauter
mean bubble size, bubble population density) reported in this investigation can thus be
considered to be conservatively smaller than those encountered upstream from the point
at which the interfacial area is measured due to the tendency of the small bubbles, formed
in the throat section, to coalesce as they move within the divergent section of the sparger
and the pipe section between the point of injection and that at which measurements are
conducted. In spite of this, the results obtained are much higher than the 1,000-2,000
m*m’ reported for most intensive gas/liquid contactors (Lee and Tsui, 1999). The

coalescence retardation characteristic of most industrial streams may thus be taken
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advantage of to improve the efficiency by which energy is utilized to generate large

interfacial area of contact between the phases.

Using the data discussed in the previous sections, an attempt was undertaken to identify
the interfacial characteristic responsible for retarding bubble coalescence and enhancing
the performance of dynamic sparger. The static surface tension, Gy, is the most common
parameter used to quantify the surface activity of surfactants. As can be seen from Fig.
6.10 a, b and c, it is unlikely that o, is a good characteristic since the results obtained

identical hydrodynamic conditions tended to segregate into two separate groups, one for

MIBC and another for SDS.

Much better agreement between the two SAA types was obtained using the Gibbs surface
excess, I'g ( Fig.6.1‘1a, b and ¢). The data obtained using two radically dissimilar surface
active agents (one nonionic and the other cationic) could be treated as a singular group
without excessive error over a wide SAA concentration range (SDS: 0 — 50 ppm and
MIBC: 0 —100 ppm). This finding suggests that the value of the Gibbs surface excess, I'c,
may be a good indicator of the bubble coalescence retardation tendency. This is in
agreement with the findings of Cheng (1995) and Ramadan (1996). However, this
hypothesis must be tested using a broad range of SAA types and concentrations before it
can be used in a more general fashion. Although I' can be easily determined for
aqueous solutions containing salts, proteins, organic acids, clays, surfactants, etc., it
suffers from the inability to fully account for the effect of interfacial viscoelasticity and
does not account for the fact that bubble breakage/coalescence times are much smaller
that those required for equilibrium conditions to be achieved at the interface (i.e. it does

not account for the diffusivity of the interfacially active species).
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6.2.4 Energy Consumption in Dynamic Spargers

There are three ways by which the energy input to a gas/liquid contactor can be
considered. The first approach focuses on the overall amount of energy supplied to the
mixer per unit time, which is termed as overall energy consumption, E. This term
represents the power input of electric motors driving gas blowers or compressors, liquid
pumps, and/or agitating devices. Such power input is usually related to overall mixer
volume, V, and characterizes the energy demands of the respective mixer types. For the

case at hand,

A
E=(0+ 06 * (X% * L) + (Qis+ 06)* Papurer) (62)
where,
L Length of pipe section m
Apsparger Pressure drop across sparger Pa
A%L * [ Pressure drop along pipe section Pa
)3 Overall liquid flow rate m’/s
Ors Liquid flow rate through the sparger m’/s
O Gas flow rate m’/s

The second approach focuses on the rate of energy dissipated per unit time and unit mass
in the region where the gas is being dispersed. The whole volume is often used if mixing
intensity is taken as essentially uniform throughout the contactor's volume. The energy

dissipation rate per unit reactor volume in the pipeline contactor is thus given by,

E E
v 025z D*AL (6-3)

where,

D Diameter of pipe m

The local rate of energy dissipated per unit mass of the liquid present in the mixer, €, is of

primary importance when considering the mechanisms of bubble/drop dispersion and
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coalescence in different mixer types. Assuming uniform conditions along the whole

contactor yields,

_ E
VP i

£ (6-4)

where,

P rtic Density of the mixture kg/m’

The third approach applies only to the case of continuously flowing systems. It was
introduced by Koglin et al. (1981) and Al Taweel and Walker (1983), and focuses on the
power consumption needed to process a unit of the mixture processed. This parameter,
Egp, has the advantage of representing the concerns of mixing equipment users rather
than those of equipment designer. It also allows for comparing the performance of mixing
units with significantly different mixing times. The specific energy consumption rate Egp
can be calculated as two forms, the specific energy consumption rate per unit volume,

Espy, and the specific energy consumption rate per unit mass, Egm.

by

Ep =7 * (residence time) (6-5)

or,

Egpm = * (residence time) (6-6)

IO Mix
This approach is somewhat analogous to the concept of the amount of oxygen transported
to/from the liquid phase per unit of dissipated energy used extensively in the field of
water/wastewater treatment (Al Taweel et al., 1997). This parameter is used to
characterize the effectiveness of energy utilization in facilitating interfacial mass

transport.

The efficiency by which various gas/liquid contacting devices utilize energy for the
formation of interfacial area is graphically depicted in Fig. 6.12. The comparison is

based on the value of Egyn to reflect the issues of interest to the users of the various



gas liquid contactors (the amount of energy consumed per unit mass of the stream
processed). The residence time in the case of dynamic spargers combined with

pipeline flow was calculated using,

(6-7)

In the case of mechanically-agitated tanks, a conservatively small residence time of 2
minutes was assumed for the liquid phase. As can be seen, the interfacial areas
obtained in all those contactors are strongly influenced by the type and the
concentration of the coalescence retardants present in the system. However, the
interfacial areas obtained using dynamic spargers at ®g = 0.17 are one order of
magnitude higher than those obtained in mechanically-agitated tanks and traditional
pipe nozzles operating at the same power input. The dynamic sparger was also found
to be more efficient than some of the commonly used static mixers (such as Sulzer

static mixers).

The benefits discussed above take into consideration neither the beneficial effects of
the plug flow patterns in the sparger/pipeline contactor (and their impact on the
average mass transfer driving force), nor the significant reduction in capital cost
resulting from reduced volume requirements (in many cases the treatment can be
undertaken while transporting the liquid to, or within, the treatment unit). These
advantages rendered the use of such an approach attractive for remediating ineffective

septic tanks (Gomaa et al., 1999).

The significant improvement in performance shown in Fig. 6.12 can be mainly
attributed to the ability to design the gas/liquid contacting device (combined
sparger/pipeline) in a fashion that takes advantage of the physical properties of the
industrial system that is being processed. In particular, the design presented in this
paper is based on the coalescence retardation characteristics that are rarely considered
in conventional designs. By focusing energy dissipation rate into a small volume
bubble breakage is promoted and very large interfacial areas of contact are developed.

The coalescence retardation characteristic is then taken advantage of to maintain large
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interfacial area in regions of low local-energy-dissipation rates. Very large average
interfacial areas of contact can thus be achieved at relatively low energy consumption

rates.
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Fig. 6.12 Comparative evaluation of the performance of various gas/liquid
contactors.
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® Dynamic Sparger (50 ppm SDS)




6.2.5 Correlation of experimental data

From the above discussion, it is evident that the performance of dynamic spargers is
controlled mainly by three design/operating parameters (the pressure drop across the
sparger, the gas-liquid flow ratio, the liquid flow rate through the sparger) and the
coalescence characteristics of the system. Unfortunately, the interfacial characteristics
of MIBC system were not extensively investigated; hence the experimental data of
294 points were correlated by using the following empirical equations based on the

concentration of MIBC and the operational parameters

dyy =1.57x10°Cype AP, Qi (Qa /QL)"™ (6-8)
R”=0.93,

a = 5.82x10°C " Ap, Q5" (Qq /Q, )™ (6-9)
R*=0.90,

0= 0.49C e *Ap, Q5" (Qg / Q)™ (6-10)
R*=0.87.

A reasonably good fit was obtained for the three objective parameters although
objectionable dimensional parameters appear in the equations. The correlation
predicts that as the MIBC concentration increases the bubble size decreases, the
interfacial area increase and the bubble population density increases. Similarly, as the
pressure drop across the sparger increases, the local energy dissipation rate increases
resulting in a decrease of the bubble size, larger interfacial area of contact, and
significantly larger bubble population density. The liquid flow rate through the
sparger was found to greaty affect the sparger performance because of its ability to
influence the local energy dissipation rate in the sparger’s throat. Finally, the
gas/liquid volumetric flow ratio was found to exert a very strong influence on the
sparger’s performance mainly because of its influence on the coalescence rate within

the divergent section of the sparger.

Because of the better understanding of the static and dynamic interfacial

characteristics of dilute aqueous SDS solutions, an in-depth analysis of the effect of
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various design, operational and systems parameters on the sparger performance was
undertaken. An attempt was undertaken to correlate the three performance objective
parameters (the specific interfacial area a, the Sauter mean bubble diameter d;; and
the bubble population density n) using two groups of variables. The first group
represent operation/design parameters (Uss, Uws, Urp, & @Pc1, @s) while the other

group represent the system’s interfacial characteristic represented by o, Co, I I,

and /.

The 388 experimental data points obtained for the aqueous SDS system were
analyzed using the stepwise regression analysis routine of by SAS program (Cody, et
al., 1997). This program is capable of selecting the most significant parameters
affecting the residual sum of squares and continues introducing various parameters
selected from the specified input list in accordance with the order of their
significance. The stepwise regression stops once the 95% significance limits have
been reached. All the operation/design variables i.e. (Ugs, Urs, Urp, & @Pc1, Ps) and

interfacial variables Cy, o,,, Il I,,I, were considered as factors that could

sta?

potentially influence the sparger’s performance.

The following correlation was obtained with a correlation coefficient R?=0.94,

d32 — 0 32U(—;()A26U[jg.25¢g.3()g;().4lc(j5H549FG—2441—I:—11 (6"1 1)

This correlation could not apply to the case of pure water since Cp, /] 1,1 will

tend to zero if the SAA concentration is zero. Furthermore, an increase of SDS

dosage (which as shown in Chapter 4 leads to a monotonous rise of Cyp, /] [, and

I,) results in unreasonable variation in dss.

If the interfacial property is simply taken as the value of the static surface tension,

o, the following correlation was obtained,

d32 — 0 043U;356¢34685033 (UGS /ULP )().046 0_,0.19 (6"12)

sta
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This correlation incorporates the tap water data but the correlation coefficient is

reduced to R*=0.86.

In order to overcome above problems, all variables were converted into dimensionless
parameters, 5o a, dsz, n, Ugs, Urs, Urp, &, @c1, @sbecome Uss/Urp, Urp/ULs, ULp/ULs,

d ; -
a & , nUsp , and Cy, [T I,.,I, are properly transformed into

3 2 3
eU;s Uz g

Dy, Dy,

Co/Ceme, T/ waters I'6/Tmaxs I'L/T'max- TO render the expression applicable to water
system, the exponential format for the interfacial characteristics is chosen yielding the
following dimensionless parameters: exp(Co/Cemc), eXp(Il/Gwater), €Xp(I'6/T'max), OF
exp(I'L/Tmax)- The other important reason for using this format is that it accounts for
the observation that the performance of the sparger is strongly influenced by the
coalescence-hindrance tendencies of the system. As was shown in Chapter 5, these
were best expressed using the exponential format (Eq. 5-34 to Eq. 5-37). The reason
overall sparger performance is controlled by the coalescence-hindering characteristic
is the fact that the bubbles formed within the Sparger’s throat will tend to coalesce as
they move into regions of lower energy dissipation rates within the divergent parts of
the sparger, or within the pipeline. In this regard, it is important to recall that the
energy dissipation Tatio &rhroaEpipe Varied between 1,000 and 11,500 in the present

investigation.

UGS

: . U

Three dimensionless parameters ——, and — were selected to represent the
GS ULP LS

operation/design factors while only one non-dimensional parameter from the
following four: Co/Ccmc, [1/Owaters I'6/T'maxs and I't/I'max Was used to reflect the

interfacial characteristics.

Stepwise regression was used to determine the value of the empirical exponents using
108 experimental points. The new correlations were found to correlate the data quite

well,

i_il_ —R.1x10? (ﬁ)—u (ﬁ)—o.sl o~68C0/ Ceue (6-13)

GS LP ULS
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R?=0.95,
82] — 1 ] 1 % 103 (%_ -24 (.Ui)70.54 e—-4.]l—1 ! G vater (6_ 14)
Gs LP U
R =10.95,
g —14%10° (ZGi ~24 (%)#0.59 02806 T (6-15)
Ugs Upp U
R =0.96,
g —12%10° (QQ ~24 (_%)—0.54 o 61T T (6-16)
GS LP U
R*=0.96

Although all four interfacial parameters yielded good fit to the data (e.g. Fig. 6.13
depicting Eq. 6-14), it may be easier to use Eq. 6-14 or 6-15 since they are based on
parameters derived from static interfacial measurements without exhibiting the very
large sensitivity associated with the use of Eq. 6-13 (Exponential constant of 68).
Further investigation is needed in order to properly discriminate which interfacial
characteristic controls coalescence retardation, and hence the performance of the

dynamic sparger.

The use of a similar approach was found to correlate the specific interfacial area rather

well.
a ~0.887 727 —044 UGS 12 70C,,/C,
—=35Ug U's, (=) e e (6-17)
eU s Lp
R*=0.89,
a 0827 1-0.67 046 ;UGs 112 427/ 00
. =3.0UL"" U "e " " (=) e (6-18)
el g P
R%=0.90,
a_ _ 2_8U-()A69U—z.7€—o.47(ﬁ)ues.orG/r,,,‘,x (6-19)
EUzs s Yis & U,

R*=0.91,



a3 _ 2.2U53.81U;§.7g;0.44 (%S_)I.Z e6.4f,_ /s (6"'20)

&U g p

R?=0.91

Arguments concerning the best correlation approach to be used for describing the
specific interfacial area of contact generated by the sparger are similar to those

previously mentioned in association with the bubble diameter.

As shown in Chapter 4, information concerning the interfacial characteristics of
aqueous MIBC solutions are rather limited and the dimensionless surface tension,
[1/Owater, is the only parameter that could be assessed for this system. The 108
experimental data points for the air- aqueous MIBC solutions (excluding water) were
found to correlate well by the following correlation in terms of dimensionless bubble
size (R? = 0.97, Fig. 6.14)

5(31 -0. 1(UGS )—2.3 (ULP )0.5 o T T (6-21)
Uss Upp U

The fact that the data obtained using either SDS or MIBC systems could be well
correlated (Eq. 6-14 and 6-21) suggested that it may be possible to correlate the
whole data set with a single correlation. This was accomplished yielding the

following correlation (see Fig. 6.15),

Ed U -2. U =2. —o. T ypater
/ :1.6><105(7G‘5— ZI(U—L&) 29, 8.8T1/ (6-22)
GS LpP LS

R?=0.61

However, the very low correlation coefficient (R2 = 0.61) and segregation of SDS and
MIBC data (see Fig. 6.15) suggest that other interfacial characteristics instead of the
dimensionless surface tension may play a role. It can therefore be concluded that the
effect of interfacial characteristics on the performance of dynamic sparger may be
well predicted for various concentrations of the SAA using relatively simple
parameters. However, further investigation is needed in order to completely identify
the interfacial characteristic, or combination thereof, that can be used for a wide range

of components.
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In[(e,d)/Ugs ]_pred.

Fig. 6.13 Comparison of dimensionless bubble size between experiment and model by

In[(ssd)/Uess]_pred.

Fig. 6.14 Comparison of dimensionless bubble size between experiment and model by
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In[(esd)/U g ]_exp.

Eq.(6-14) for air-SDS aq. solutions
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In[(esd)/U s ]_exp.

Eq.(6-21) for air-MIBC aq. solutions
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A compérison between Fig. 10b and Fig. 11b, one could assume that the effect of the
interfacial characteristics on the bubble dispersion can’t be well represented by the
dimensionless surface tension, IT/Gyaer , and it might be better characterized by the
Gibbs surface excess or the surface excess based on the long-term ‘approximation.

This is another recommendation for further investigation.

25

® SDS ag. solution
® MIBC ag. solution

20 -

16 -

10 -

In[(e,d)/Us ]_pred.

-5 \ 1 \ 1 1
-5 0 5 10 15 20 25

In[(e,d)/Ugs’]_exp.

Fig. 6.15 Comparison of dimensionless bubble size between experiment and

correlated equation by Eq.(6-22) for both air-SDS and air-MIBC aqg. solutions

So far, it is possible to conclude that the specific interfacial area, a, and the Sauter
mean diameter, ds;, can be predicted by combining the hydrodynamic variables Ugs,

Uts, Urp, & and one of the interfacial properties Cy, I, I, 1, . However, there is no

substantial reason to choose one correlation equation over the others since they all fit
the current experimental data reasonable well. Due to the SAA concentration is most
straightforward variable, the correlation equations including it could be chosen for
convenience. The equations including the static surface tension could be selected

since those data are not difficult to collect as well. But both cases have to be system
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specific that is the above equation would be only applicable to SDS solutions. Both

the Gibbs surface excess and surface excess based on long-term approximation are

targeted to characterize the interfacial properties of assorted SAAs, thus they could be

used to reveal SAA’s effect on the interfacial area, the bubble size and the bubble

population density. Through the discussion in Section 6.2.5, the equations containing

' are more likely to be applicable to the systems contaminating non-SDS of various

concentration ranges. Iy is another potential parameter since both surface excesses

bear the similar physical interpretation on the interfacial characteristics.

6.3. Conclusions

1.

The factors affecting bubble dispersion in a dynamic sparger were systematically

investigated though the addition of trace quantities of MIBC and SDS.

The use of dynamic spargers results in the formation of large interfacial areas of
contact (up to 5,300 m*/m’) and small bubbles (d3; down to 25 pm). This
performance is controlled mainly by three design/operating parameters (the
pressure drop across the sparger, the gas-liquid flow ratio and the liquid flow rate
through the sparger) and the interfacial characteristics of the system being

processed.

The efficiency by which dynamic spargers utilize energy for the formation of
interfacial area was found to be one order of magnitude higher than that obtained
in mechanically-agitated tanks and traditional pipe nozzles operating at the same
power input per unit mass of the stream processed. The dynamic sparger was also

found to be more efficient than some of the commonly used static mixers.

The interfacial area and the Sauter mean bubble size can be predicted by using
correlation equations for MIBC and SDS aqueous solutions respectively. The
surface excess offers better opportunities for taking the interfacial properties into

account.

This sparger is particularly effective when used in conjunction with industrial
effluents where the presence of secondary components (such as alcohols, organic

acids, amines, proteins, salts, etc.) results in retarding bubble coalescence rate.




177

The dynamic sparger investigated also has the ability to control bubble sizes and
interfacial areas in response to variation in process requirements. This can be

accomplished without interrupting the operation.
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CHAPTER 7 OVERALL CONCLUSIONS AND
RECOMMENDATIONS

The diffusion-controlled adsorption model is applicable to the adsorption of SDS
aqueous solutions based on the available dynamic surface tension data. The

analytical solution using long-term approximation fits the data quite well.

An accurate correlation of the static surface tension, and Gibbs surface excess of
aqueous SDS solutions was developed in a rather wide concentration range of 0 —

10 mM. The static surface tension for aqueous MIBC solutions is also correlated.

Measuring dynamic surface tension could be a general method for analysis of
interfacial characteristics of SAAs, since it is able to provide accurate estimates
on static and dynamic properties, including static surface tension, surface

pressure, Gibbs surface excess, diffusivity, and dynamic surface excess.

The surface excess based on the long-term approximation solutions is independent
of the surface age over the range of 0.08 - 6 s due to a longer characteristic

adsorption time than a characteristic diffusion time.

A comprehensive experiment was designed to investigate bubble coalescence rate
in turbulent pipe flow at broad ranges of operation concentration (0.008 < @g <
0.5, 4 < g, < 26, and 25 um < d3; < 8,700 pm) and SDS concentration (0 - 50
ppm) by measuring specific interfacial area at two locations (distance of 1.74 m)
along the pipeline using a method of laser attenuation. Bubble coalescence rate
increased as the gas hold-up or energy dissipation increased, but decreased as

bubble size or SAA concentration increased.

More insight of a role the interfacial characteristics play in retarding bubble
coalescence rate in gas/liquid turbulent flow is obtained by current studies. It is

discovered that the effect of interfacial properties on the bubble coalescence is in
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11.
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an exponential fashion, implying that interfacial characteristics affect -bubble

coalescence through influencing collision efficiency.

A theoretical collision model was adapted to calculate current bubble coalescence
rate in turbulent pipe flow. Since it applied well to water systems, the model was
then extended to contaminated systems by taking into account the ability of SAA
to further reduce coalescence efficiency. The expanded model obtained by
incorporating the factor of effective coalescence efficiency was capable of
correlating the bubble coalescence data for water system and SDS solutions over a

wide range of bubble coalescence rates (5 order of magnitudes).

How SAA retards bubble coalescence rate was examined by evaluating effects of
various interfacial parameters including static surface tension, surface pressure,
Gibbs surface excess, and surface excess based on long-term approximation.
Although the dimensionless forms of these interfacial parameters are correlated
with bubble coalescence rate for SDS aqueous solutions to the similar degrees, the
surface excess based on the long-term approximation could prevail due to its

revealing the underlying mechanism of coalescence hindrance.

Factors affecting bubble dispersion were investigated systematically through an
experiment by adding either MIBC or SDS to simulate the industrial streams in a
25.4 mm L.D. and 6 m long pipe loop with liquid velocities of up to 3.2 m/s, and
gas holdup varying between 0.008 and 0.5. The use of novel dynamic spargers
resulted in the formation of large interfacial area of contact (up to 5,400 m*/m”)

and small bubbles (d3; down to 25 pm).

The efficiency that the dynamic spargers utilize energy to form interfacial area
was one order of magnitude higher than those in mechanically agitated tanks and
traditional pipe nozzles operating at the same power input per unit mass of stream

processed.

Specific interfacial area and Sauter mean bubble diameter can be predicted by

correlated equations for either MIBC or SDS aqueous solutions. It appears that
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the surface excess based on current comparison results could represent the

interfacial properties in terms of the bubble dispersion.

12. Further investigations are recommended by using various additives that exhibit
not only surface activity, but also the other interfacial properties including surface
viscosity, surface elasticity, and surface charge at broad ranges of concentration to
find a prevailing interfacial parameter that is able to represent the interfacial

properties of industrial streams.
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