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ABSTRACT

In recent years, much work has been done on bubble breakage, coalescence, and

bubble size distributions in gas-liquid dispersions. Few of them however,

considered both breakage and coalescence phenomena simultaneously in

estimating bubble size distribution. In present study an attempt is made to develop

a model that considers both breakage and coalescence based on existing frame

works and recent advances described in the literature. Two-step mechanisms are

considered for both the breakage and coalescence models. The bubble breakage is

structured as the product of the bubble-eddy collision frequency and breakage

efficiency in gas-liquid dispersions. The coalescence function considers the

product of bubble-bubble collision frequency and coalescence efficiency. The

model overcomes several limitations observed in previous efforts such as

determination of parameters through experiment, narrow range of operating

conditions, and narrow range of geometries. Favorable agreement is found between

the predictions of the model and the experimental data obtained for the 'average

bubble size and bubble size distribution. The percentage of error was estimated and

found within"' 17%. The model is also extended to examine the influence of

physical properties on bubble size distribution.
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INTRODUCTION

1.1 INTRODUCTION

Bubble columns are employed in many mass transfer processes. They are used in a

variety of industrial applications ranging from stripping and absorption columns to

three phase slurry beds and activated sludge ponds. Bubble columns have broad

application as reactors and separation units in. the chemical, mining,

pharmaceutical and biochemical industries. Bubble columns are also used as

aerobic biochemical reactors in fermentation syste'ms.

The understanding of fluid dynamic behavior in various regimes of bubble column

is important for design and operational purpose. Due to the disperse gas phase the

bubble columns operate with a large interfacial area between the phases. Figure 1.1

shows the existence offour regions that differ in the physical process of production

and reduction of interfacial area. The gas distributor, namely a sieve plate or an

orifice, produces primary bubbles. The gas passes the gas distributor with high

velocity and accelerates the surrounding liquid. The inertia of the liquid is large

enough to break most of the primary bubbles. Secondary bubbles form, which are

about half the size ofthe primary bubbles.

~ i
coaJ.es-cence v;,-itht.he free l>u:-face.

~ l:'vcntua1ly furml3ban.of foaITl. .

o (> 0 0 Bubble bl-e-Bk 'up and
o 00 coalescence come to an

o equilibriurnstate
00 0o 0

o 0 0
c.::>0 0 g Sec()ndary Bubbles
o 00 --
00000° Primary bubbles

t
Gas

Figure 1.1 Different regions in a bubble column.



Traveling from the gas distributor to the measuring section in the upper part of the

bubble column the bubbles have enough time to reach equilibrium by bubble break

up and bubble coalescence. For. most technical applications the residence time of

the bubbles in the main part of the bubble column should long enough to reach an

equilibrium state between coalescence and bubble break up. Finally, the bubbles

coalesce at the top of the column and the gas separates from the liquid phase.

Foaming may occur.in this region of the bubble column.

1.2BACKGROUND

There is considerable interest in developing means of predicting bubble-size

distributions in turbulent two-phase dispersions. An understanding of the physical

mechanisms determining bubble size is crucial to any detailed theory of the

transfer of heat, mass and momentum between phases, and is also necessary for the

framing of the design of reduced-scale laboratory models to simulate bubble and

droplet flows in industrial plant.

Bubble size distribution in a vessel is not constant, but may change due to bubble-

bubble interactions that can lead to breakage or coalescence. No broadly applicable

model for the determination of these two rates has yet been presented due to both

the unsatisfactory understanding of the physical mechanisms that lead to breakage

and coalescence and the enormous difficulty in obtaining reliable data, especially

for high gas flow rates. The latter is the reason why bubble-size distribution

measurements are not so common in Iiterature and often-different techniques lead

to different measured values. More over, almost all the published data refer to the

evaluation of a mean bubble diameter inside the Column usually estimated from a

one-height measurement.

The complexity of turbulent two-phase dispersed flows necessitates analysis In

statistical terms. Most of the studies investigating bubble size distribution in

turbulent flow, dealt with breakage and coalescence separately. The

2



primary-contributions to the study of Bubble breakup in turbulent flow are those of

Kolmogoroff (1949) and Hinze (1955). These authors independently suggested that

the maximum size of bubble stable against breakup by the turbulence could be

estimated by means of dimensional analysis based on the hypothesis that the key

parameter characterizing the structure of turbulence fluctuations is the rate of

energy dissipation in the flow. Similar line of argument applied to coalescence,

suggests that in a turbulent environment there is a minimum size of bubble stable

against coalescence Shinnar (1957). Following the footsteps of Kolmogroff and

Hinze more studies were carried out that dealt with either breakage or coalescence

phenomena separately (Valentus and Amundson, 1966; Jakubowsky and sideman,

1976; Narismhan et aI., 1979; Millies and Mewes, 1999; Lehr and Mews 2001;

Venneker et aI., 2002; Pohorecki et aI., 2002).

Prince and Blanch (1990) are among the very few researchers who proposed a

phenomenological model for the rates of bubble coalescence and bubble break up

in bubble column. Bubble coalescence is modeled by considering bubble collisions

due to turbulence, buoyancy and laminar shear and by the analysis of the

coalescence efficiency of collisions. Bubble break up is analyzed in terms of

bubble interactions with turbulent eddies. A method is developed for the

measurement of coalescence and breakup events in turbulent systems and is used

to test the validity of the model. But in the model bubbles are sent to coalescence

first which is not logical. Also lack .of information on several parameters makes it

difficult for application.

The interfacial mechanisms were studied by Colella et.al. (1999) that deal with,
both the coalescence and breakage of bubbles. They tried to develop a new

methodology to analyze breakage and coalescence phenomena in bubble columns

based on the physics of bubble columns and by considering wake and shape effect.

Several adjustable parameters included in the model, made the model case

sensitive.

3
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1.3 OBJECTIVES

The Present study is aimed at developing a complete theoretical model to

determine equilibrium size distribution in gas liquid dispersion, where the

continuous phase is liquid, and the dispersed phase IS gas (i.e. bubbles). The

objectives will be fulfilled through the following steps.

I. Formulation of the turbulent break up and coalescence events.

2. Development of an algorithm where both breakup and coalescence are

considered simultaneously towards attainment of equilibrium bubble size

distribution.

3. Comparison of the model predictions with experimental data available in

literature.

4



2

LITERATURE REVIEW

2.1 DESCRIPTION OF THE TURBULENCE

Turbulence is important in many branches of engineering, so turbulent flow has

been extensively investigated in past years, and a large number of literatures have

accumulated on this subject (Hinze, 1975; Knudsen et a!., 1958; Langford et a!.,

1985; Schlichting, 1979). Turbulence may be generated in other ways than by flow

through a pipe. In general, it can result either from contact of the flowing stream

with solid boundaries or from contact between two layers of fluid moving at

different velocities. The first kind of turbulence is called wall turbulence and the

second kind free turbulence. Wall turbulence appears when the fluid flows through

closed or open channels or past solid shapes immersed in the stream. Free

turbulence appears in the flow of a jet into a mass of stagnant fluid or when a

bound layer separates from a solid wall and flows through the bulk of the fluid.

Free turbulence is especially important in mixing.

Turbulent flow consists of a mass of eddies of various sizes coexisting in flowing

stream. Large eddies are continually formed. They break down into smaller eddies,

which in turn evolve still smaller ones. Finally, the smallest eddies disappear. At a

given time and in a given volume, a wide spectrum of eddy sizes exists. The Size

of the largest eddy is comparable with the smallest dimension of the turbulent

stream: the diameter of the smallest eddies is 10 to I00 ~m. Smaller eddies than

this are rapidly destroyed by viscous shear. Flow within an eddy is laminar.

Any given eddy possesses a definite amount of mechanical energy, much like that

of a small spinning top. The energy of the largest eddies is supplied by potential

energy of the bLl'Ik flow of the fluid. From energy standpoint turbulence is a

transfer process in which large eddies, formed from the bulk flow, pass energy of

rotation along a continuous series of smaller eddies. Mechanical energy

5



appreciably dissipated into heat during the breakup of large eddies and smaller

ones, but such energy is not available for maintaining pressure or overcoming

resistance to flow and is worthless for practical purposes. This energy is finally

converted to heat when the smallest eddies are obliterated by viscous action.

Turbulent .fields are characterized by two average parameters. The first measures

the intensity of the field and refers to the speed of rotation of the eddies and the

energy contained in an eddy of a specific size. The second measures the size.of the

eddies. Intensity is measured by the root-mean-square of a velocity component. It

is usually expressed as a percentage of the mean velocity .Few turbulent fields,

such as those immediately below turbulence-producing grids, may reach an

intensity of 5 to 10 percent. In unobstructed flow, intensities are less and of the

order of 0.5 to 2 percent. A different intensity usually is found for each component

of velocity.

The theory of Turbulence is based upon statistical considerations. The

instantaneous velocity u in a turbulent flow is considered to be the sum of the time

averaged-velocity u and the fluctuating component u', which may be positive or

negative,

u= u +/- u' (2.1)

Similarly the three components (in Cartesian coordinates) of the instantaneous

velocity in directions x, y, z be u, v, w respectively. Assume that the x is oriented

in the direction of flow of the stream and the components v, ware the y and z

components respectively, both perpendicular to the direction of bulk flow. Then it

is found

v=v';w=w'

6
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The variation of u with time is represented in the figure 2.1

u

u

t=O t t=T

'\
.-'

Figure 2.1 Nature of turbulent Flow

The structure of the turbulence will be described in the manner originally proposed

by kolmogoroff (1941 a,b,c) and subsequently discussed by Batchelor (1953). The

turbulence eddies are considered to fall broadly into three categories, referred to, in

decreasing order of size, as the energy"containing range, the inertial subrange and

the viscous range. Energy is envisaged as cascading from small to large wave

number components of the flow, Le. from the energy containing range to the

dissipative structures ofthe viscous range via the eddies of the inertial subrange.

The velocity and length scales of the energy-containing eddy are identified with

the turbulence intensity (u), and the integral scale (I), (Le. the integral of the two
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point velocity correlation function: Batchelor, 1953). If these two quantities are

unknown for the system of interest, crude estimates may be made. For a stirred

tank, u is expected to be of the order of the speed of the impeller tip, while I is

probably comparable with the impeller radius; for a flowing system, u is usually

between 5% (for pipe flow and boundary layers) and 25% (wakes and jets) of the

variation in mean velocity across the flow and I is of order 10% of the flow width

(Townsend, 1976).

Eddies of the inertial subrange are largely independent both of the large-scale

geometry of the flow and of the small-scale dissipative eddies. Since the functional

role of the inertial subrange eddies is simply to convey energy upwards through the

wave number spectrum, their structure is supposed to be the same for all flows

with the same energy dissipation per unit mass, E. The later quantity can be

measured (e.g. by plotting the torque-speed curves for the impeller in the

stirred-tank arrangement, or by pressure-drop measurements in flowing systems) or

alternatively estimated from the relation (Batchelor, 1953).

e _u3 II (2.3)

Here, the symbol - denotes equality within a factor of order unity. The viscous

range is responsible for the final degradation of mechanical energy into heat and is

hypothesized to have a universal isotropic structure, which depends only on the

quantity of energy. Dimensional analysis gives a natural length scale of

(v3 / e)'14 for these smallest eddies.



2.2 BUBBLE COALESCENCE IN PURE LIQUIDS

The combination of bubbles to form larger particles IS called coalescence.

Thinning of a liquid film between two touching bubbles is the process by which

the .two bubbles coalesce (Marrucci, 1969). This type of coalescence is called

binary coalescence. Only binary coalescence is considered since the probability of

a collision of more than two bubbles at the same time is very low. Bubble

coalescence has. two effects. First, new bubbles are formed due to coalescence of

smaller bubbles. Second, the number of bubbles in a bubble fraction decreases

since some of the bubbles coalesce with other bubbles.

The evolution of many two-phase flows depends critically on whether bubbles

having a relative approach velocity or not. Situations giving rise to such an

approach velocity are, for example (i) bubbles rising in line, the upper sheltering

the lower; ii) the forced contact of a bubble growing on an orifice with the

previous, departure bubble; iii) the rise of a bubble towards a free surface (which

may be seen as a second infinite bubble). In liquids of low viscosity, in these and

most other situation, both observation and analysis suggest that two processes are

in competition.

a) The Liquid between the bubbles is squee~ed out, accompanied, by a flattening

and even dimpling of the bubble surfaces. When the residual film reaches thickness

of order IOooA, van dar waals pressures become dominant and a hole is rapidly

formed (chester, 1975). Surface tension then expands this hole arid the bubbles

become one.

(b) The deformation of the bubbles increases their surface area and hence the free

energy of the system at the expense of the kinetic energy associated with the

relative motion. The bubbles therefore decelerate and eventually bounce apart if (a)

is not yet completed.

9



Clearly for sufficient slight deformation (b) may be neglected and the problem

reduces to that of almost parallel-sided film flow (Figure 2.2) with initial and

outer-boundary conditions corresponding to the constant-velocity approach of the

undeformed bubbles.

This problem is first solved in the inviscid, gravity-free case. These results are used

to deduce: i) under which conditions the neglect of gravity is justified, ii) at what

critical deformation van dar Waals pressures will become dominant; iii) under

which conditions process (b) will arrest the motion before this critical deformation

is reached.

z h
Bubble I

Liquid

Bubble 2

r

Figure-2.2 Choice of coordinates in the coalescence problem.

The film thinning calculations are then extended to include the effects of liquid

viscosity, and the influence of the gas properties is briefly considered. Using the

number of bubble collisions per unit time and the probability that a bubble

collision leads to a coalescence event the rate of coalescence is found.

According to Prince and Blanch (1990) the fluctuation movements of the bubbles

are the main reason for bubble collisions. Film thinning occurs after bubble

collisions. Das and Pattanayak (1994) take the viscous forces into account for the

film thinning process. This was proved wrong by Doubliez's experiments (1991),

which showed that compared to the inertia forces the viscous forces are small for

low viscous fluids.
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Prince and Blanch (1990) and Grienberger (1992) believed that coalescence occurs

if bubbles stay together longs enough. The time after which two bubbles are

separated, obeys a probability distribution. Thus, they calculated the coJlision

efficiency from the probability of the bubbles staying together long enough for

film thinning and rupture. They assume that the bubbles are separated from each

other by liquid eddies soon after a coJlision. However, during film thinning

bubbles are only microns apart. An analysis of orders of magnitude reveals that the

forces to separate them would be large enough to destroy them. This mechanism

may be neglected and the coJlision efficiency becomes unity.

As reported by Prince and Blanch (1990) the number of bubble coJlisions is .

proportional to their surface. Prince and Blanch (1990) described the fluctuation

velocity of the bubbles based on the liquid turbulence. It is assumed that the

fluctuation movements that cause bubble coJlisions are due to the curved bubble

path and therefore have to be proportional to the bubble slip velocity. The space

available for fluctuation movements of the bubbles decrease with increasing void

fraction. Thus coalescence is enhanced. No more space is left for fluctuation

movements of the bubbles for the closest possible packing of spheres

corresponding to a void fraction 60%.

2.3 BUBBLE BREAK UP IN PURE LIQUIDS

Considerable effort has been spent in detailed analysis and modeling of the

breakup rate process. A purely empirical correlation for the specific drop breakup

rate is proposed by Yalentas et al. (1966).

(2.4) _

Ross and Curl (1973) used an analog to the "activated complex" concept from

chemical reaction'kinetics and obtained the relationship:



c,er
2/3d5/3 )pJ;

(2.5)

Identical kinetic energy distributions for drops and turbulent eddies in order to

develop drop breakup efficiencies is assumed by Coulaloglou and Tavlarides

(1977) .It is also assumed the motion of daughter drops to be similar to that of

turbulent eddies and could thereby estimate a "characteristic breakup time." Based

on this, a drop breakup model, nearly identical to that of Ross and Curl (1973), was

obtained for stirred tanks.

A more theoretical analysis of the processes leading to drop breakage is given by

Narsimhan et al. (1979). Based on probability theory and such assumptions as the

number of eddies arriving at the surface of a droplet being a Poisson process, the

arrival frequency of eddies being constant, a binary drop-breakage model is

proposed by them as

f3(d) Aerl/2

-- = Aerfc( 1/2 1/3 5/6)
n p,. I> d

(2.6)

Where A= [3(22/3 -1)] 1/2 and A is the average frequency of eddies arriving at a

drop surface. Narsimhan et al. (1979) assumed that A was independent of drop

size.

A breakage mechanism is assumed by Chatzi (1987) in 1983, in which a drop will

break if its turbulent kinetic energy is greater than its surface energy, and a drop

breakage rate model in stirred tanks is given as

f3(d) I> 1/3 3 c2Cr
--=cI(-d2) [(-2' 2/3d513)
n Pdl>

12
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A bubble breakage model based on the work of Narsimhan et al. (1979) developed

by Lee using dimensional analysis to' obtain an expression for the average

frequency of eddies, A, arriving at a drop surface.

f3(d) "1/] If C2<J .
-- = C, (-d2) [1- F( 2J3d'J3n\llJ3 )dt/J]

n 0 Pd" 'I'

Where F 0 is the cumulative chi-square distribution function.

(2.8)

Hesketh et al. (1991) combined the natural oscillation mode of a sphere given by

Lamb (1932) and a correlation for the maximum stable drop size in a stirred tank

developed by them, and obtained an empirical drop breakage rate:

(2.9)

The maximum stable bubble size is controlled by bubble breakup and can be

greatly influenced by the liquid hydrodynamics. Hinze (1959) suggested that

bubble break up is caused by hydrodynamic stresses that attempt to disrupt the

bubble, and that these are opposed by surface tension forces. At the point of

breakage these forces must balance. This balance, leads to the prediction of a

critical Weber number We, where the shear stress term will reflect the

hydrodynamic conditions responsible for bubble break-up. The mechanisms of

bubble break-up can thus be related to the hydrodynamics (Figure. 2.3).

13



Bubble Break up Controlled by Hydrodynamic Conditions

Isotropic
turbulence

Non- Isotropic Impeller
Elongation

Viscous
Drag

Surface
Instability

Wake
VOrtiCity

Figure 2.3. Classification of break up regimes.

In the case of turbulent flow, bubble break-up is caused by fluctuating eddies that

bombard the bubble surface. In laminar flow, viscous shear at the bubble surface

will elongate the bubble and cause break-up. In a stagnant liquid, bubble break-up

is caused by surface instabilities and wake vortices. The mechanism of bubble

break-up varies, as a result of the hydrodynamic stresses in the region of the

bubble.

Bubble break-up has two effects. First, the number of bubbles in a bubble fraction

increases because larger bubbles break up. Second, the number of bubbles in a

fraction decreases because these bubbles break up. Each bubble, that broke apart,

will no longer belong to its old bubble class.

Most published equations of the rate of bubble break-up start from a paper

published by Lee (1987), where it is assumed, that the number of eddies that hit a

bubble per unit time depend only on the dissipation rate and the bubble diameter.

(2.10)

Where it denotes the rate of eddies hitting a bubble," is the dissipation rate and db

the bubble diameter. The break-up rate is calculated from Eq. (2.10) using some

further assumptions. However Eq. (2.10) gives no reasonable results for both
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limiting cases of small and large bubbles. The rate A becomes infinity for very

small bubbles and ~ero for very large ones. Prince and Blanch (1990) measured the

bubble break-Up in low viscous liquids. They argued that the inertia force of the

liquid inside an eddy destroys the bubble by overcoming the surface tension if the

eddy hits the bubble. Thus influence of viscosity should be neglected. Wilkinson

(1991) investigated the influence of gas density on the bubble break-up process. He

found the influence of gas density to be small for bubble diameters smaller than

5mm in water.

Thus the bubble break-up rate depends only on surface tension, liquid density,

bubble volume. and liquid turbulence. If homogeneity of turbulence and a well

established eddy cascade is assumed only one turbulence parameter should be

sufficient for a complete description of turbulence. Authors working on bubble

breakup generally apply this assumption, mostly due to lack of better information.

The dissipation rate is chosen as parameter and calculated from the power input

divided by liquid mass. The break-up probability is proportional to the bubble

volume. Thus large bubbles break up more easily.

2.3.1 Basic types of globule (bubble or drop) deformation and flow

pattern

Globules (Bubble or drops) can split up owing to hydrodynamic forces in a number

of different ways that depend on the flow pattern around them. In general the

following three basic types of deformation (illustrated. in Figure 2.4) can be

recognized.

Type I. lenticular deformation: The globule is flattened, forming in the initial

stages an oblate ellipsoid. However deformation proceeds during the subsequent

stages leading to breakup seems to depend on the magnitude of the external forces

15



causing the deformation. One possibility is that the drop deforms into a torus,

which, after being more or less stretched, breaks into many small droplets.

Type 2. cigarshaped deformation : Here the globule becomes more and more

elongated, forming in the initial stages a prolate ellipsoid, until ultimately a long

cylindrical thread is formed, which breaks up into droplets.

Type 3. Bulgy deformation: As the surface of the globule is deformed locally

bulges and protuberances occur, and thus parts of the globule become bodily

separated.

TYPE 1
"LENTICULAR"

•••

TYPE 2
•CIGAR-SHAPED"

TYPE 3
"BULGY •

Figure 2.4 Basic types of globule deformation

There are various flow patterns that may cause a globule to deform in one of these

basic ways. A few of those are discussed here in Figure 2.5. In addition an

irregular flow field as occurring in turbulent flow is considered.
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Figure 2.5 Flow patterns that cause one of the basic types of globule deformation

For the rotating flow pattern it is assumed that the fluid rotates bodily. It is further

assumed that the flow patterns considered are large compared with the globule size

but are stili local flow patterns in the entire flow field. Finally one may distinguish

between deformation by external dynamic pressures and that by viscous stresses.

The possible combinations of flow Patterns and types of deformation, or more

precisely the most important of the possible ways in which a globule can be broken

up by hydrodynamic forces are given in Table 2.1.
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Table 2.1: Possible conditions for break up of a globule

Type of A. Dynamic Pressures B. Viscous Stress

deformation

Flow Pattern around the globule

1. Lenticular a) parallel c) e) a) Parallel c) e)

Axisymmetric Rotating Axisymmetric Rotating

Hyperbolic Hyperbolic

2. Cigar- b) Plane d) Couelle b) Plane d) Couelle

Shaped hyperbole hyperbole

3. Bulgy f)

Irregular

Thus it is expected that deformation of type I will occur if the globule is subjected

to the dynamic pressures or viscous stresses produced by the parallel flow a, the

axisymmetric hyperbolic flow c, and the rotating flow e. Type 2 deformation

(cigar-shaped deformation) can be caused by the plane hyperbolic flow b and the

Couette flow d, and type 3 (bulgy deformation) is brought about only by the

dynamic pressures occurring in the irregular flow pattern f. Breakup will occur if

there is a sufficient degree of deformation, that is, if the region of the flow pattern

causing a specific deformation is sufficiently large to contain the deformed globule

and if the flow pattern persists long enough. Various possibilities may be

considered somewhat more closely.

2.3.2 Daughter particle-size distributions from breakup

As pointed out by Valentas et al. (1966), a complete description of drop or bubble

breakup processes also needs the so-called "daughter drop or bubble-size

distribution," because many combinations of daughter particle sizes can occur after

breakage, ranging from two particles of, equal size to one very small and one very

large particle. All the previously rate models developed only give the total breakup

rate for a given parent particle size and say nothing about the resulting daughter

particle sizes. Therefore, most of the previous models rely on direct assumptions
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regarding the daughter size distributions. In addition, they are empirical in nature,

and usually two or more unknown parameters need to be determined.

For binary breakage, Yalentas et al. (1966) assumed a delta function as the

discrete, breakup daughter particle-size distribution, and a truncated normal density

function for the continuous breakup daughter size distributions. The truncated

normal function has also been used by other authors, such as Coulaloglou and

Tavlarides (1977), Chatzi et al. (1987), and Chatzi and Kiparissides (1992).

Narsimhan et al. (1979) and Randolph (1969) assumed that a uniform distribution

could be used, while Lee et al. (1987 b) used a beta distribution function. All the

functions mentioned. earlier, except the uniform distribution, have the same

characteristics: a decreasing breakage percentage appears when v I ~O or v, while

the equal-sized breakage has the highest probability.

As pointed out by Nambiar et al. (1992), the models that assume a uniform or a

truncated normal function-like distribution, centered at v12, for the daughter bubble

or drop size, may not be representative of the underlying physical situation. The

physical concept is clear: more energy is required for binary equal-sized breakage

than binary unequal-sized breakage. This. is also supported by the experimental

results of Hesketh et al. (1991 a) for bubble and drop breakage in turbulent pipe

flows. These results show that equal-sized breakage has the lowest breakage

probability while the highest breakage likelihood occurs when v, ~ 0 (or ~ v).

Hence, for the daughter particle-size distribution, Hesketh et al. (1991) proposed a

so-called 1/X-shaped function with an adjustable parameter determined by a best

fit to their experimental data. However, the I/X-shaped function has a zero

probability for equal-sized breakage, which is in contradiction with their own

experimental results.

Recently, a method is proposed by Nambiar (1992) to predict the daughter drop-

size distribution for drop breakage in turbulent stirred dispersions based on an eddy

interaction model but this method still predicts a zero probability for equal-sized

breakage.
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3

MODEL DEVELOPMENT AND IMPLEMENTATION

3.1 INITIAL BUBBLE SIZE DISTRIBUTION

Initial bubbles, i.e., bubbles just after leaving sparger orifices or nozzles are

different in size from the bubbles rising through the main part of the column under

the operating conditions normally used in practice. The size of the majority of

bubbles at equilibrium distribution depends mainly on input bubble size and a

balance between the coalescence and breakup nites. Thus correlations for the initial

bubble size are an important factor for design purpose. Experimental data showed

that the bubble size was independent of the properties of system such as surface

tension, liquid viscosity and liquid and gas densities (Akita et a!., 1974). Previous

,<"orkshowed that the size distribution is log normal distribution (Lage, 1996). The

distribution function F(x) is defined by

x

F(x) = ff(x)dx
o

(3.1 )

Wheref(x) is the probability density function. The probability density functionf(x)

can be expressed by

f(x) = 1 exp{_~[lnx-m]2}
x(a).,fi; 2 a

(3.2)

Where m is the natural logarithm of the geometric mean bubble size (dg), and (j is

the standard deviation.

Here geometric mean is assumed equal to the average mean of bubble size. The

average bubble size of initial bubbles is depends on the orifice diameter do and the

gas velocity through the orifice Uo (Akita et a!., 1974).
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(3.3)

From dimensional analysis and the experimental data, the following correlation

was eibtained for the standard deviation of bubble size distribution.{Akita et aI.,

1974).

(3.4)

Bubble concentrations can be obtained from gas hold-up and bubble size data.

Taking the number of bubbles as equal to the volume of gas divided by the average

bubble size one obtains:

(3.5)

Here f (xJ = the fraction of bubbles with radius rb;

For determining total number of bubbles initially present in the system f (xJ is

considered as 1 and average bubble size is determined from the eq. 3.3.

(3.6)

The correlations of Hikita et.al. (1980) allows one to estimate the global gas hold

up based on the physical properties of the phase.

(
u JO.57B( 4 J-O.13I( JO.062 ( JO.107

"'=0.672 ~ Il,g Pd &.
• ~ 3

(j Pc(J Pc f..1c
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3.2 BUBBLE COALESCENCE THEORY

Coalescence of two bubbles in turbulent flows occurs in three steps.

I. Collisions of bubbles and trapping of liquid between them.

2. Flattening of bubble surface an~ drainage of the trapped liquids.,
3. Coalescence of two bubbles.

From the first step it is seen that the coalescence rate is intimately connected to the

collision rate. The second step is ordinarily the slower and hence determines the

overall duration of the coalescence process. Collision occurs due to the following

mechanisms:

i) Turbulence [Random motion of bubbles due to turbulence.]

ii) Buoyancy [Bubbles of different sizes will have different rise velocities

which may lead to collision]

iii) Laminar shear [Bubbles located In a region of relatively high liquid

velocity may collide with bubbles in slower section of the velocity

field]

It is assumed that collisions from these various mechanisms are cumulative.

3.2.1 Turbulent collision rate

Collision takes place by mechanism analogous to particle collisions in an ideal gas.

The primary reason for bubble collision is the fluctuating turbulent velocity of the

liquid phase. The turbulent motion can be expressed as a function of bubble size,

concentration and velocity (Kennard, 1938):

(3.8)

Where n; ,n} are the concentration of bubbles of radius rh;, rbJ respectively. u, is the

average turbulent fluctuating velocity of the bubble. Slj is the collision cross

sectional area of the bubbles, given by
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(3.9)

The following assumptions are made to develop the turbulent collision rate.

1. The velocity of bubbles in eq- 3.8 is assumed to be the turbulent eddy

velocity of the length scale of the bubble. Eddy motion of this scale is

primarily responsible for the relative motion between bubbles. Very small

eddies don't contain sufficient energy to significantly affect bubble motion,

while eddies much larger than the bubble size transport groups of bubbles

with out leading to significant relative motion.

2. The turbulence is isotropic and that the bubble size lies in the inertial sub

range.

This criterion is typically examined in terms of the inverse radius or wave number

which is known as the inertial subrange:

(3.1 0)

Where, ke is the wave number of the large energy containing eddies; kb is the wave

number of the corresponding bubble size; kd is the wave number of the eddies of

viscous dissipation.

If the turbulence is not strictly isotropic, the assumption may still be proving useful

if isotropy exists at the length scale of the bubble diameter. This is a less restrictive

assumption than isotropy through out the entire length spectrum. In addition,

isotropic modeling may be considered an approximate solution to systems that are

mildly nonisotropic.

Batchelor (1953) defines the wave number for energy dissipation (k,J, equivalent

to the inverse of the micro scale of turbulence:
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Where li is the energy dissipation per unit mass, u is the kinematic viscosity

An expression for the energy dissipation per unit mass is given by:

E=Uxxg

(3.11 )

(3.12) .

The kineti.c energy and mass of the gas phase have been neglected In this

formulation.

The size of the energy containing eddies is typically assumed to be equal to the

vessel diameter. Thus k, is inverse of vessel diameter. According to equation 3.10

the length scale of the bubble is well removed from that of both the energy

containing eddies and eddies of viscous dissipation and falls in the inertial

subrange.

The turbulent velocity in the inertial subrange of isotropic turbulence is (Rbtta,

1972):

(3.13 )

Where db= the bubble diameter.

Substitution of this value in to eqn-3.8 yields the turbulent collision rate.

()T = 0089 .(d +d )' 1/'(d2
!3 +d2I

')1!2if • !mjn} hi hj E bi ~I
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3.2.2 Buoyancy-driven collision rate

Collisions may result from the difference in rise velocities of bubbles of different

size. The buoyant collision rate (0/) is given by Friedlander (1977):

(3.15)

Where u, is the rise velocity of the bubble.

The rise velocity can be expressed as a function of size. Clift et al. (1978) provide

an expression that covers the size range typical of gas liquid contactors operating

in the turbulent flow regime:

u, = [(2. 14a)/(p,dhl +O.505gdh]112

Where

PI is the liquid density, a is,the surface tension

(3.16)

The equation is strictly applicable only to uncontaminated bubbles with mobile

gas-liquid interfaces. It is employed in the present work since the liquid phase is

distilled water. The use of distilled water doesn't guarantee a completely mobile

interface, however the error in the collision frequency from using this equation will

be insignificant.

3.2.3 Laminar shear collision rate

The final contribution to the collision rate results froIh laminar shear in the liquid

phase. Collisions occur in this situation as a result of the development of a gross

.circulation pattern in a bubble column at a sufficiently high gas flow rates. It is

well recognized that a bubble column may operate under a variety of

hydrodynamic regimes (Shah and Deckwer, 1983). At low gas flow rates, gas are
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evenly distributes radially throughout the vessel. At higher gas flow rates, bubbles

begin to preferentially rise through the center of the column. The result is the

development of a gross circulation pattern with a net upward velocity in the

column center and down flow in the outer annular region near the wall.

The circulation pattern also gives rise to a radial velocity distribution. Because of

this, it is possible for bubbles situated in a zone of relatively high liquid velocity to

overtake another bubble of the same size and rise velocity.

The functional form of the collision rate due to laminar shear IS given by

Friedlander (1977):

L' 4 . dU,B' =-n.n.(r +r )'(-)
IJ 3 I J hi "'J dR (3.17)

Where UF the liquid circulation velocity, R= the radial coordinate of the column

dU
__ I = The average shear rate.
dR

For evaluating the average shear rate, the velocity profile developed by Walters

and Blanch (1983) for inviscid fluid is used. The exact velocity profile is a function

of the position of the stagnant point, the radial distance at which there is no net

upward or downward flow. For inviscid systems, Walters and Blanch state that the

transition point occurs at a radial position of approximately 0.7 RT• The velocity

profile for this condition is

(3.18)

Where aRT = the transition point, U',max = The velocity in the center of the column.

Equation 3.18 is not strictly accurate at the walls of the column, where a no slip

condition requires a value of zero for the velocity. However, as described in
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Walters and Blanch, eq 3.18, provides a good estimate for inviscid systems where

the boundary layer at the column wall is quite thin. The mean shear rate is found

by averaging the local shear rate over the radial dimension of the column. If we

substitute r(R) for the local shear rate we find:

-(R) = 1
2t Y(R).RdRI + 1

2 C,Y(R).RdRI = 53 UI.",,,

r 2 2 2 .
(aRT) RT(I-a) Rr

(3.19)

Collisions due to laminar shear occur if the bubble column operates in the

heterogeneous regime where the nonuniform gas-hold up produces a circulation

profile. The Transition from the homogeneous regime is taken to occur at a

superficial gas velocity of 4.0 cm/s (Ueyama and Miyauchi, 1979). In addition,

Shah and Deckwer (1983) report a large transition zone before fully developed

heterogeneous flow appears. Consequently the mechanism of collision will not

playa significant role at the relatively low gas rates employed. Many industrial

columns operate in the heterogeneous regime where this collision mechanism may

need to be considered.

The model of Bhavaraju and Blanch (1978) was used to predict the maximum

circulating velocity for the gas sparge rates above 4.0 cm/s. Consider a gas sparged

column of diameter D and filled with liquid up to a height of H. It is known that in

many such systems an overall liquid circulation develops, while the dispersed gas

phase collects more or less in a concentric zone (Rietema and Ottengraf, 1970). A

strong circulation of water in an air sparged column is observed by Denevers

(1968) and suggested that it was caused by the density difference between those

parts which are rich with dispersed phase and the parts which are poor. It is

observed by Towell et al. (1965) that rising bubbles can cause intense turbulence

and mixing. Liquid flow downwards near the walls and upwards near the center is

observed by them.

Let d be the diameter of an imaginary tube separating the up-flow and down-flow

zones, as shown in the figure 3.1,
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Figure 3.1 Liquid circulation model

For turbulent flow the maximum liquid circulation velocity is given by

2QMgH t3
m}2Fu

(3.20)

p
P In-12

P2 P2
QM=Qp=Q(P _P)

1M I 2

Where,

Q = gas rate per orifice, m3/s.

QM =Mean gas rate, m3/s.

Pj= Pressure at the sparger, N/m2
.
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P2= Absolute Pressure, N/m2
•

Pur Log mean Pressure, N/m2
•

Substitution of eq-3.21 and eq-3.22 in to eq-3.19 gives a value for laminar shear

collision rate.

3.2.4 Collision efficiency

Collision efficiency gives the fraction of bubble collisions lead to coalescence

events. The efficiency depends on the contact time between bubbles and the time

required for bubbles to coalesce. An expression for the efficiency is given by

Coulaloglou and Tavlarides (1977):

(3.23)

Where

tu= The time required for coalescence of bubbles of radius rhi and rhj ;

TU = The contact times for the two bubbles.

Coalescence times have been successfully modeled in stagnant fluids by examining

the time required for the liquid film between bubbles to thin from an initial

thickness to a critical value where rupture occurs. An estimate of the initial

thickness of the film in air-water systems is given by Kirkpatric and Locket (1974)

to 1x 10.4 m. The final film thickness is typically 1x 10.8 m (Kim and Lee, 1987).

An expression for the thinning of liquid film between bubbles of equal size is taken

from Dolman and Blanch (1986).

(3.24)
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Where

h= the film thickness, R,F the radius of the liquid disk between the coalescing

bubbles

Rg= the gas constant, T= the temperature, A= the Hamaker constant

c= concentration of a surfactant species. For the distilled water c=O.

The gas liquid interface is assumed to be mobile. [This assumption may not be

quite accurate, since even distilled water contains some impurities.]

The equation is derived from consideration of the flow rate of fluid from the liquid

film by capillary pressure, augmented by the Hamaker contribution. The effect of

the Hamaker force only becomes appreciable at very low film thickness, just prior

to rupture. It reflects the mutual attraction of water molecules on opposite sides of

the liquid film. Inclusions of this term necessitate a numerical solution for the

coalescence time and make the current model cumbersome.

Numerical solution of the equation 3.24 showed that for the present study

incorporation of this term had only a slight influence on the overall coalescence

time. It is therefore neglected in the subsequent analysis. The result of neglecting

the Hamaker contribution may be a slight overestimation of the coalescence time.

This is primary offset by the fact that coalescence times arc increased where there

is an appreciable approach velocity (Kirkpatrick and Locket, 1974), as would be

the case in turbulent systems.

The effect of bubble deformation by turbulent eddies on the coalescence rate of

bubbles is also neglected. Prediction of the extent of bubble deformation and the

subsequent increase in coalescence time due to turbulent eddies is not well

understood. In the current analysis, radius of the liquid disk between coalescing

bubbles (Rd) is assumed to be a constant fraction of the bubble radius. Using the

above assumption, the coalescence time can be found by integration of equation

3.24:
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(3.25)

Where ho = the initial film thickness, hi = the critical thickness where rupture

occurs.

Rd has been assumed to be bubble radius. This assumption is not strictly accurate;

however, it is used for simplicity and because more detailed data is not available. It

will be shown in the discussion of the coalescence efficiency that inaccuracy here

will be compensated in the final expression for the coalescence rate.

For the case of bubbles of unequal size, rb in eq. 3.25 has been replaced by the

equivalent radius (ruJ. The equivalent radius is given by Chesters and Hoffman

(1982) as:

_ 2( I 1 )-1
rij- -+-

rhi r~i
(3.26)

The time that bubbles remam in contact is dependent on the bubble size and

turbulent intensity. High levels of turbulence' increase the probability that an eddy

will separate particles, while large particle size provides larger contact areas.

Levich (1962) provides an estimate of the contact time in turbulent flows:

(3.27) .

Levich derives equation 3.27 solely from dimensional considerations. The choice

of characteristic length is therefore arbitrary and may be considered to be an

adjustable variable. Equation 3.27 may strictly be regarded only as an order of

magnitude approximation. Given the sensitivity of the model to this variable, it
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would be beneficial to have accurate data on particle contact times in turbulent

flows. Unfortunately such data are not available.

Values for the coalescence and contact time may be substituted in to equation 3.23

to determine the efficiency. It can now be seen that substitution of the bubble

radius for R<t in equation 3.27 doesn't appreciably alter the results of the model.

Incorporation of an alternate expression for Rd would simply result in a small

adjustment of the characteristic length employed in eqn. 3.29. It should there fore

be noted that the expression for the coalescence rate would have an implicit

adjustable parameter. The development ensures, however, that this parameter will

be of the appropriate order of magnitude.

3.2.5 Total coalescence rate

The coalescence rate of bubbles of radii rb; and rhj is given by the total collision

frequency multiplied by the efficiency.

-(

L = {e' + eR + eLS
} xexp(-u)

IJ'!I I) - II
7ij

The overall coalescence rate is then given by:

(3.28)

(3.29)

The factor 1/2 is included to avoid counting coalescence events between bubble

pair twice.
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3.3 MAXIMUM AND MINIMUM BUBBLE SIZE. IN

TURBULENT FLOW

In an agitated dispersion, bubbles are continually being brought together and then

moved apart by turbulent fluctuations. A simple criterion for coalescence is (u<rij'

In other words unless the intervening film thins down to the critical rupture
'J

thickness h in the time available before bubbles are separated again, coalescence

doesn't occur. Combining the equation 3.25 and 3.27 we obtain the result that

coalescence is impossible unless d<dm1n. Where

6/5

(3.30)

Now it can be said that bubbles whose diameter exceeds dc are much less likely to

coalesce than smaller bubbles in the dispersion. Similarly bubbles slightly below

the threshold size will not coalesce as easily as very small bubbles. The equation is

to be interpreted merely as a rough estimate of the size of the smallest bubble

stable against coalescence.

A critical Weber number will exist at th.e point where cohesive and disruptive

Jorces balance, resulting in a maximum stable size. An expression for the

maximum stable bubble size in turbulent gas-liquid flows provided by

Kolmogoroff and Hinze:

0"06 J1.
dmax=1.12 04 06 (_C)OI

(e) . p. J1.d
(3.31 )

Where dmax = the maximum stable bubble size, VI = the total volume of liquid, pc.

Pd = the viscosities of the continuous and dispersed liquid phase respectively.
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• All bubbles above the dmax will undergo the breakage. The bubbles in between dmax

and dmin are the equilibrium bubble size.

3.4 BUBBLE BREAK-UP THEORY

Much of the literature on bubble break-up has focused on the prediction of the

maximum stable bubble size, either in stagnant liquids or in isotropic turbulence.

Little has been reported on bubble break-up rates under turbulent conditions. In

turbulent dispersion systems, the fluid dynamics and breakup processes are

complex. In order to develop the breakage model, the following simplifications are

made.

I. The turbulence is assumed to be isotropic.

For bubble columns, the turbulence is non isotropic. However theoretical

considerations and experimental evidence have shown that the fine-scale structure

of most actual non isotropic turbulent flows is locally nearly isotropic. Many

features of isotropic turbulence may thus be applied to phenomena in actual

turbulence that is determined mainly by the fine-scale structure (Hinze, 1959).

Furthermore, even an actual turbulence situation with a non isotropic large-scale

structure, or that is non isotropic through an essential part of its spectrum, can

often, as a first approximation, be treated as if it were isotropic. The differences

between results based upon the assumed isotropy and actual results are often

sufficiently small to be disregarded compared to the uncertainty of the

experimental data (Hinze, 1959). Thus, the isotropic turbulence assumption has

used here to develop break-up modelin bubble column.

2. Only the binary breakage of fluid particles is considered

. A bubble or drop may break into two or more particles with equal or unequal

volumes, depending on the breakage type. It is commonly believed that more than

one mechanism for particle breakage may exist in turbulent dispersions, since a
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drop or bubble is not only exposed to a turbulent field, but is also subjected to both

inertial and viscous forces. Generally, turbulence breakage and viscous breakage

are considered to be important.

The turbulent breakage is induced by fluctuating eddies bombarding the particle

surface (Walter and Blanch, 1985) causing oscillations (or deformations) of the

particle surface. That is, a fluid particle of sufficient size will oscillate around its

equilibrium shape. The oscillations are brought about by the kinetic energy of the

turbulent motion in the continuous phase, or by the relative velocity fluctuations

between points in the close vicinity of the particle surface. In other words, the

kinetic energy of the turbulent motion brings about an increase in the surface

energy of the particle through deformations. Fragmentation of the particle occurs if

the turbulent motion provides an increase in surface energy, sufficient to cause

breakage. Usually, binary breakage occurs in this case.

For the shear breakage, a drop or bubble may break into several drops or bubbles

with varying volumes due to viscous shear. However, during bubble or drop

breakage in highly turbulent flow, the viscous forces can usually be neglected, as

the bubbles and drops are usually much larger than the microscale of turbulence

(Shinnar, (1961); Narsimhan et aI., (1979)).

The simplification of binary breakage has been used by many authors (e.g.,

Narsimhan et aI., (1979); Hesketh, (1991 a); Nambiar et ai, (J992)). The recent

experimental results of Hesketh et al. (1991 a) support the assumption. It is found

that all bubble and drop breakage events were binary in turbulent pipeline flows. In

the present model, the assumption of binary breakage is used to the completion the

model. In this context this means that multiple breakage on the same particle do

not occur simultaneously. This is partly done to simplifY the model, nevertheless in

the process of bubble or drop breakage into more than two bubbles/droplets, the

likelihood of two or more breakage events taking place precisely at the same time

is very small.
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3. The occurrence of breakup is determined by the energy level of the arriving eddy

only.

According to Narsimhan et al. (1979), oscillations of a bubble or drop induced by a

particular eddy, may be changed by the arrival of other eddies. The degree of

interference is largely determined by the frequency of the eddy arrival process

compared to the already existing oscillations of the particle. If the two frequencies

are comparable, the effects of successive eddies continually interfere with each

other. Since particle oscillations, sufficiently vigorous to make the particle break,

are caused only by hits of eddies with scale similar to, or smaller than the particle

diameter, the smaller particle require very small eddies to induce oscillations.

Furthermore the time scale of oscillations should be inversely proportional to the

eddy frequency. Thus the smaller eddies will be expected to create high-frequency

oscillations.

4. Only eddies of length scale smaller than or equal to the particle diameter can

induce particle oscillations.

Nambiar et al. (1992) discussed the movement of pat'~icles in a field of

homogeneous turbulence. When the Reynolds number is large enough, the large

eddies are responsible for most of the translatory motion of particles, while small

eddies determine the strain experienced by the individual particle or group of

particles. The latter thus dominate the deformation of the particles in the flow field.

It may therefore be reasonable to assume that only eddies of length scale smaller

than or equal to the particle diameter can participate in its deformation and that the

larger eddies merely convect the particle. A model for bubble break-up in turbulent

systems is developed. In this development, the rate of bubble break-up is

determined by examining the interaction of bubbles with turbulent eddies.

36



3.4.1 Collision of bubbles with turbulent eddies

To obtain an expression for the break-up rate of bubbles, the. turbulent collision

rate of bubbles with eddies of the appropriate size is considered. The collision rate

is given by (Kennard, 1938):

(3.32)

This eq. is analogous to eq. 3.8 with respect to the eddy diameter, concentration

and velocity replacing that of one of the bubbles. To employ this equation, the

number of eddies of a particular size must be determined. We assume that the

turbulence is isotropic and that the eddy size of interest lies in the inertial subrange.

Batchelor (1970) gives the spectral energy density in the inertial subrange of the

energy spectrum as:

E(k) = 1.78213k-513

Where

k = the eddy wave number (k=l/r" r, being the radius of the eddy)

£= the energy dissipation

E (k) = the energy per unit mass and per interval of wave number.

Then according to Azbel (1981), E (k) can be written as

E(k) = N(k)e

(3.33)

(3.34)

Where, N (k) denotes the number of eddies per unit mass of the liquid and per unit

interval of wave numbers. Multiplication by the liquid density yields the eddy

concentration.
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The energy of a single eddy is given by:

(3.35)

In eq. 3.35, r"u" and m denote the eddy radius, velocity and mass respectively and

PJdenotes the fluid density. According to Kolmogorov's law (Azbel, 1981) for the

inertial subrange of the energy spectrum, the eddy velocity is given as:

(3.36)

Equation 3.33 to 3.36 are used for the determination of number and velocity of

eddies. It must be noted that eq. 3.34 is only valid for the inertial subrange. The

number of eddies predicted by the equation becomes infinitely large as the eddy

size approaches zero. Therefore the expression may not be useful to very small

eddies which lie in the viscous dissipation range. In practice, therefore, it is

necessary to consider an arbitrary size, below which an eddy will not cause

breakage. For the present study, this value is set at eddies smaller than 20% of the

bubble size. Such eddies are unlikely to contribute significantly to the overall

break-up rate. Eddies of length scale 20% of the bubble diameter posses only 0.5%

of the kinetic energy associated with an eddy equivalent to the bubble in size.

3.4.2 Break-up efficiency

Only a certain number of bubble-eddy collisions are likely to result in bubble

break-up. The criterion of break-up relates the energy of the eddy to the surface

tension forces of the bubble. The balance of disruptive and cohesive forces is

generally expressed in terms of the dimensionless Weber number.

(3.37)
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(3.38)

A critical Weber number will exist at the point where cohesive and disruptive

forces balance, resulting in a maximum stable size. An expression for the

maximum stable bubble size in turbulent gas-liquid flows provided by

Kolmogoroff and Hinze:

0.6

d
m
= 1.12 a 0 (~)Ol

(6f4 p.6 fid

Where dm = the maximum stable bubble size, VI= the total volume of liquid,

fie. f1d = the viscosities of the continuous and dispersed liquid phase respectively.

From this expression and eq. 3.37 and 3.13, one may obtain a critical Weber

number of 2.3 for air bubbles in water. This is translated in to a critical eddy

velocity (Uei) for break-up of a bubble of radius rbi

(3.39)

It is necessary to determine which eddies have velocities that exceed this value. To

do so, an energy distribution function is required. Angelidou et al. (1979) provide

such an expression for a random distribution of energy:

I -E
x(E,) =-exp(-')

E, i,
(3 AD)

Where x (E) = Energy distribution function, E,= the kinetic energy of the eddy.

Taking the energy of the eddy as proportional to the square of the velocity yields a

function of the following form for the fraction of eddies with sufficient energy to

cause rupture (Coulaloglou and Tavlarides, 1977)

2u.
F(u) = exp{-(---T)}

Ute
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Where F (u) = the fraction of eddies with sufficient energy to cause rupture.

u,,= the turbulent velocity of an eddy of radius r,

This expression is analogous to that of collision efficiency for break-up.

3.4.3 Total break-up rate

The break-up rate for a bubble of radius rbi is thus given by:

fJi= ~)ei' exp[-(u:,!u,~)]} (3.42)

Here the summation incorporates the contribution to break-up from eddies of

various sizes. The total break-up rate for all bubbles there fore:

2L ej, exp( - ~,j )

Ule

(3.43)

3.5 MODEL IMPLEMENTATION

3.5.1 Algorithm of the model

The model predicts a non Gaussian distribution of bubble volumes. The current

study makes use of a simulation to determine bubble sizes. In the simulation

program a sample of bubbles with a random size distribution is used to initialize

the simulation. This population of bubbles is divided in to discrete size categories.

The bubbles are checked for the inertial sub range. If it is confirmed that bubbles

lie in sub range category, they are picked up randomly to go through coalescence

and breakup process. The resulting size distribution is recorded after a number of

coale~cence and break-up events. The procedure is continued until an equilibrium

average bubble size is achieved; that is until further iterations produce no change in
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the average bubble size or bubble size distributions. This model prediction is then

compared with reported experimental data. The algorithm to determine equilibrium

bubble size distribution by using the proposed model is shown in figure 3.2.

Random y
db(l). dbfj)
Generation

No

Equilibrium Bubb:e sae
deq

No

Figure 3.2. Flow diagram for equilibrium bubble size determination
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3.5.2 .Coalescence and breakup rate determination

The method of calculating coalescence and breakup rates is summarized below.

Model implementation requires information on gas flow rate and geometry of the

system specified and input bubble size distribution.

Coalescence rates are obtained from the model using eq. 3.28. Use of this equation

requires calculation of the collision rate of bubbles via the mechanisms discussed

namely turbulence, buoyancy and laminar shear. The turbulent collision rate is

calculated from eq. 3.14 with the help of the energy dissipation rate taken from eq.

3.12. Collisions due to buoyancy are obtained from eq. 3.15 utilizing the rise

velocity of bubbles as described in eq. 3.16. The final collision mechanism of

laminar shear is calculated from eq. 3.17 using the average shear rate obtained

from eq. 3.19. The coalescence and contact times of bubbles, which occur in eq.

3.23, are calculated from eqs. 3.25 and 3.27, respectively. The equation used for

determining bubble coalescence is shown below:
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Bubble db (i); db Ol

Turbulent Collision Rate Buoyancy-Driven collision rate Laminar shear collision rate
[Eqn 3.8]

[Eqo 3.15] [Eqo 3.17J

(Ji~=ninjSii(u,:+u~)1I2
()f~== lIillJS,JUri -uri) IJ~'= ~n,nJ(r"+r,,)'(~~i)

[Eqn.3.9] S ="-(d +d.)' Eqn.3.19]
If 4 bi hi [Eqn.3.16] -

[Eqn 3.13] u, = ((2.14u)/(p,d,.)+ O.505gd,,J''' dUj U

--=5.3~
dR R,

lit = I.04t'(lIJ)dt-') [Eqn. 3.20]

U =( 2Q.,gH )'1.1
I,m" nd2F

"Eqn.3.2] for F12; Eqn. 3.22
forQM

Total collision rate
Or +0" +OLS
IJ 'I If

Total coalescence rate

rEgn 3.29J

r=.!.I L[{B(r + Bi; + e:"<'} x exp(=!!L)]
{ 2 i

j I,;

Collision Efficiency

(Eqn3.23) AU = exp( -1" ITij)
[Eqn.3,25]

={~'pll'''ln~
" 16(T hf

[Eqn.3.26} rlj =2(J..-+~r'
rh, rb)
21.'

[Eqn.3.27] rh'lj=7

Figure 3.3 Flow diagram for simulating coalescence events
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The method of obtaining break-up rates can be summarized as follows. The break-

up rate is given by eq. 3.43, which requires information on the collision rate of

bubbles with turbulent eddies. The collision rate is given by eq. 3.32. The rate, in

turn, is dependent on the velocities of bubbles which is calculated from eq. 3.8 and

eddies velocity are calculated from eq. 3.36. The number of eddies of a particular

size is obtained by eqs. 3.34, 3.35, 3.36. Also the critical velocity of an eddy

necessary to cause break-up is obtained from eq. 3.39. The flow diagram for

determining break up rate by implementing the model is shown below:

Bubble db (i); db OJ

T
Collision of bubbles with turbulent eddies

[Eqn 3.32]

Ble ;:;nlneSi"(U~+ 1I,:.)IU
[Eqn.3.16]
", = [(ZI4o-j/(p,d,.)+ O.505gd,]'"
[Eqn 3.9]

" ,S,;;:; 4(dh; + db)

[Eqn. 3.33]
E(k);:; 1.7&2I3k-5iJ

[Eqn.3.34]

E(k) = N(k)e
[Eqn.3.35] .

1 2 2 1 2
e=2"mu" =31rPrr;Ue

[Eqn.3.36]

!t, =2.86(f)llo

l

1
Total break up rate

[Eqn 3.43]

/3, = I - ,,'Ie". exp(--f-)
, li,•

Breakup Efficiency
[Eqn3.41]

,,'
F(,,)=exp{-(--i')}

lI,c

[Eqn. 3.39] Ii,,;:; 1.52(a/(dh;Plt2

.

Figure 3.4 Flow diagram for simulating of break up events
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4

RESULTS AND DISCUSSISON

The bubble size distribution determined. by the model is compared with the

experimental data obtained from bubble columns reported by Collela et.al (1999)

and Prince and Blanch (1990). The model considered both coalescence and

breakup phenomena consecutively. The size distribution is developed considering

water as continuous phase and air as dispersed phase. The physical properties are

given in the Appendix. In the current study, the turbulent collision mechanism

dominates and the relative contribution of buoyancy will diminishes as the gas

flow rate increases. As noted previously, collision due to laminar shear is absent

. when the column operates in the homogeneous regime, but becomes important at

higher gas sparge rates when heterogeneous operation is achieved. The model

extends to show the influence of physical properties on bubble size distribution.

The influence of surface tension and liquid viscosity is observed and in good

agreement with the experimental findings of Marten et.a!. (2002).

4.1 COMPARISON OF THE MODEL WITH THE REPORTED

DATA OF COLELLA ET.AL. (1999)

The model is executed with bubble column that is used by Colella et a!.(1999) The

bubble column is made of Plexiglass with a diameter equal to 15.24 cm and a

height of 109 cm. Bubble's were generated using a perforated plate having 0.1 cm

diameter holes, arranged in an equilateral triangle pattern with a pitch equal to

lcm. The distribution is measured for the gas superficial velocity of 0.59 cm/s and

1.13 cm/s. For both velocities the column is operated in homogeneous regime.

Initial bubble size distribution is considered at a distance of 12.5 cm from bottom.

The initial bubble size distribution is obtained from the model developed. The

distributions were obtained sorting the diameters of the bubbles into different

classes. The diameter range obtained from the data analysis was discretized into
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nine uniform classes. The initial size distribution at the gas superficial velocity of

0,59 cmls and 1.13 cmls obtained from the proposed equation is shown below.

-A- Gasvelocity at 0.59 cm/s
___ Gas velocity at 1 13 cm/s

0.25

0.20

0.15

-- 0.10

0.05

0.00

0 2 4 6

d,mm

8 10 12

Figure 4.1 Predicted initial bubble size distribution for

bubble column used by Collela et.al. (1999)

The equilibrium size distribution measured at a distance 57.5 em from the sparger

by the out lined model is compared with the determination by the proposed model.

The result is shown in figure 4.2 and 4.3 for velocity 0.59cm/s and 1.13 cmls

respectively.

-

0.25

0.2

0.15

0.1

0.05

o

G Prediction by the proposed
Model

iii Exp data of Colella el.al,( 1999)

2.5 3.55 4.65 5.75 6.85 7.9 8.95 10.05

d,mm

Figure 4.2 Comparison of equilibrium bubble size distribution predicted by the

proposed model with the experimental data of Collela et.al. (1999) for velocity

0.59 em Is
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EAL_
I

2.5 3.55 4.65 5.75 6.85 7.9 7.9~ 8.95 10.1
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Figure 4.3 Comparison of equilibrium bubble size distribution predicted by the

proposed model with the experimental data of Collela et.al. (1999) for velocity

1.13 cm/s

The result shows satisfactory agreement and proof the good quality of the proposed

model.

4.2 COMPARISON OF THE MODEL WITH THE REPORTED

DATA OF PRINCE AND BLANCH (1990)

The model is further executed with bubble column that is used by Prince and

Blanch (1990). The bubble column consisted of a 27 cm diameter plexiglass

cylinder with a liquid depth of 2m. The spargers used were two curved stainless

steel tubes 20 cm in length, each having six orifices of 2 mm diameter along the

upper edge. The two spargers were oriented to maximize radial mixing of the gas

streams in the lower section of the bubble column. The distribution is measured for

the gas superficial velocity of 5.2 cm/s. For this velocity the column is operated in

heterogeneous regime. So turbulent collision and laminar shear collision become

dominant. Initial bubble size distribution is considered at a distance of 20 cm from
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bottom. The initial bubble size distribution is obtained from the model developed.

The result is shown in figure 4.4.

0.2

0.16

0.12
'-

0.08

0.04

0
0 2 4 6. 8

d.mm

Figure 4.4 Predicted initial bubble size distribution for

bubble column used by Prince and Blanch (1990)

The equilibrium size distribution obtained at distance 200 cm from the sparger by

the out lined model is compared with the result obtained by Prince and Blanch

(1990). The result is shown in figure 4.5 for velocity 5.2 cm/s.
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Figure 4.5 Relative frequency in bubble column for velocity 5.2 cm/s.

4.3 BUBBLE SIZE DISTRIBUTION

In bubble break up inertial forces tend to deform the bubbles where as surface

tension forces resist the deformation. According to Hinze (1955) a bubble would

break up if the ratio of the inertial and surface tension forces, in the form of Weber

number, exceeded a critical value. When db>dmax then inertial force becomes

greater than surface tension forces. Inertial force is the driving mechanism for

bubble break up. There fore bubble will break up if db>dmax Similarly for bubble

coalescence the contact time of two bubbles 'ij should be higher than the

coalescence time tij. If the values of'ij and tij are given then we get the minimum

bubble size dmin.The bubbles whose diameter exceeds dminare much less likely to

coalescence than smaller bubbles in the dispersions. Similarly bubbles slightly

below the threshold size will not coalescence as easily as very small bubbles.

There fore when bubbles are either grater than dmax or less than dmin they are

subject to either break up or coalescence respectively. Therefore equilibrium

bubble size falls in between dminand dm". In figure 4.2,4.3,4.5 it is found that

bubble size lies between dmaxand dmin. In this model the break up process was
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considered to occur by breakage of bubble in to two daughter bubbles of equal

sIzes.

It may also be noted that for very small bubbles the model predicts value less than.

the experimental value. This may be due to the fact that break up may not be the

simple binary split that has been assumed. Prince et al. (1989) and others have

noted that bubble breakup is often accompanied by the production of two primary

bubbles and a number of smaller fragments. 1ncorporation of this effect would

significantly alter the number of smaller bubbles predicted by the model. Further

more the complete range of eddy sizes is not considered. The expression for eddy

number is only applicable for eddies in the inertial sub range. There fore eddies

smaller than 20% of the bubble size was ignored. Such eddies may contribute to

the breakage rate.

The percentage of error for average equilibrium bubble size is determined for all

three velocities (Appendix). For gas velocity 5.2 em/sec the average equilibrium

bubble size is 3.98 mm. The average bubble size determined from Prince and

Blanch system (1990) is 3.978 mm. The percentage of error is calculated and found

0.01834%. The result shows excellent similarity between the predicted data and

Prince and Blanch experimental data. For gas velocity 0.59 em/sec using the

Collela et.al. (1999) system the average equilibrium bubble size is 4.43 mm. The

average bubble size determined .from Collela et.al. (1999) system is 4.09 mm. The

percentage of error is calculated and found 8.31%. The result shows little variation

between the predicted data and Collela et.al. experimental data. The variation is

with in acceptable range. For gas velocity 1.3 em/sec using the Collela et.al. (1999)

system the average equilibrium bubble size is 4.34 mm. The average bubble size

determined from Collela et.al. (1999) system is 3.7125 mm. The percentage of

error is calculated and found 16.98%. The result shows little variation between the

predicted data and Collela et.al. experimental data. The variation is with in

acceptable range.
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A parity plot for bubble size frequency is shown in figure 4.6. The frequency for

the three gas veloCity is plotted.
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>, 0.3uc-g 025
0-

~ 02
"0
~ 0.15.U

'0e 0.1
P-

0.05

0

0

• for Ug = 5.2 em/sec

• for Ug = 1.13 cm/s

•. for Ug =0.59 em Is

•
•

Figure 4.6 Parity plot for bubble size frequency

From the parity plot it is shown thatthe deviation is with in acceptable range.
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4.4 COMPARISON WITH OTHER MODELS

a) The model developed by Prince and B1ance is empirical. The initial bubble

size distribution is determined by experiment. Then this data is used in the

Monte Carlo simulation to determine equilibrium bubble size. But in the

model developed a complete sets of equation is used to determine initial

bubble size distribution.

b) In the Prince and Blance model bubbles are randomly selected and then

sent for coalescence and break up event respectively. But this may not

always be true. Some bubbles may go to breakup first than coalescence.

Some bubbles may produce at equilibrium size. In our model all data are

checked and sent either in coalescence or break up depending on their size.

c) Prince and Blanch validated their model only by one set data

experimentally measured by them.

d) In colella model there are few coefficient required to execute the model.

These coefficients are defined as adjustable parameters. These parameters

were determined by using experimental data done by them. There fore their

model is empirical.

4.5 APPLICATION RANGE OF THE MODEL

The proposed model suggests an equation to predict initial bubble size. However

the model has the following limitations.

a) The equation used for determining initial bubble sIze distribution is

developed based on the data for single orifice sparger. It is assumed that the

equation can also be correlated for perforated plate spargers. But though

the form may be same, the values of the coefficient and the exponent are

some what different. This may deviate the initial size distributions which

ultimately affect the equilibrium size distribution.
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b) The equation used for determining Ul,max is limited to Newtonian fluid and

turbulent flow, But in case of laminar flow or Non-Newtonian fluid

different equations are required to apply,

c) The model has good agreement with the experimental data of Prince and

Blance model except for very small bubbles. Such discrepancy may result

from the assumption of binary breakage studies allow that breakage of

bubbles may create a number of fragments (Prince et aI., 1989)

d) The influence of hydrostatic pressure (estimated to be -3% per meter depth

on the bubble diameter of a single rising bubble) is neglected. It may be

comparable if experiment is done.

e) In present model the values of dm and d, are required, since they determine

the range of equilibrium distribution. A lot of works have been done by

several researchers to determine dm• Among them are Bhavaraju et al.

(1978); Hesketh et al. (1987); Hughmark (1971) etc. Therefore equation for

dm is established. On the other hand the expression for d, is based on the

equation of Thomas (1981). Further research is needed in this area,

f) Initial bubbles are discretized according to size, Then sizes next to each

other are considered for coalescence. However this may not be true,

4.6 INFLUENCE OF PHYSICAL PROPERTIES ON BUBBLE

SIZE DISTRIBUTION

Industrial Bubble columns are operated at higher temperature and with different

types of fluid. But most investigations in bubble columns have been performed at

normal temperature and for aqueous systems. However the influence of physical

properties on bubble size distribution should consider determining mass transfer.

So the influence of physical properties of gas and liquid phase on bubble size

distribution is discussed. Influences of physical properties on stable bubble sizes

were determined by comparing bubble sizes of similar gas liquid systems which

differ in one physical property. In all cases the bubble column which is used is

made of Plexiglass with a diameter equal to 15.24 cm and a height of 109 cm.
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Bubbles were generated using a perforated plate having 0.1 cm diameter holes,

arranged in an equilateral triangle pattern with a pitch equal to I cm. The

superficial gas velocity is 0.59cm/s.

4.6.1 Influence of surface tension

Accoding to Merten et al (2002) surface energy increases with decreasing bubble

size. Hence bubbles tend to coalesce as long as the gain in surface energy is not

compensated by increased drag and inertial forces causing bubble breakage. For
•

liquids with comparable physical properties lower surface tension results in smaller

bubble sizes. This is shown by the comparison of the N2/water system with N2/

cyclohexane at ambient. conditions. For both systems viscosity is nearly the same

and liquid densities are comparable, but surface tension of cyclohexane is almost

one third of water. Surface tension of ethanol is even lower and so is the stable

sauter diameter. To observe the influence N2 -water, N2 -30% Glycol solution, N2-

Aniline, N2 -Cyclohexane, N2 -Ethanol is used. The stable bubble size is

determined in all cases using the model. it is found that stable bubble sizes

increases with increasing surface tension. The Surface Tension of liquids is shown

in the table. The graphical representation is also shown below.

Table 4.1 Variation of bubble sizes with different liquid surface tension.

Liquid Surface tension ofliquid d,

dyne/em mm

H2O 73 6.83
30% Glvcol solution 60.1 5.41

Aniline 42.9 4.83
Cvclohexane 2498 4.69
Ethanol 22.03 4.66
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Figure 4.7 Influence of surface tension on bubble size distribution

4.6.2 Influence of liquid viscosity

Accoding to Merten et al (2002) rising liquid viscosity reduces turbulence in the">'

liquid phase. Hence the energy of eddies is reduced and bubble breakage damped,

leading to increased bubble sizes. This is illustrated by the comparison of bubble

sizes of nitrogen bubbles in cyclohexane and cyclohexanone, which differ at

ambient condition mainly with respect to viscosity. For liquids with comparable

physical properties higher liquid viscosity results in higher bubble sizes. This is

shown by the comparison of the Nz-cyclohexane system, Nrcyclohexanone and

Nz-30%Sucrose at ambient conditions. The stable bubble size is determined in all

cases using the model. It is found that stable bubble sizes increases with increasing

liquid viscosity. The liquid viscosity of liquids is shown in the table. The graphical

representation is also shown below.

Table 4.2 Variation of bubble sizes with different liquids viscosity.

Liquid Viscosity of liquid ds

Cp mm

.Cvclohexane 098 4.69
Cvclohexanone 1.8 5.46
30% Sucrose .3.18 5.81
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Figure 4.8 Influence of liquid viscosity on bubble size distribution
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5

CONCLUSION

A model for both initial and equilibrium bubble size distribution has been

developed which compares favorably with reputed experimental data. The

coalescence model considers the collision rate of bubbles and the likelihood of

collisions resulting in coalescence. Collisions due to turbulence, buoyancy and

laminar shear have been considered. The coalescence efficiency was determined by

evaluation of time required for coalescence and contact time of two bubbles in

turbulent flow. A simplified model for film thinning, neglecting the Hamaker

contribution and the approach velocity between bubbles was employed to

determine the coalescence time. Bubble breakup was modeled by examination of

bubble interaction with turbulent eddies. Breakup was assumed to occur when

bubbles encountered eddies of appropriate size and sufficient energy to cause

rupture. In all cases the turbulence was assumed to be isotropic and the particles

were considered to lie in the inertial subrange. The model is extended for

observing the influence of physical properties on bubble size distribution.

The favorable comparison of data with the model suggest that the model may be

used to predict dispersed phase mixing rates in 'clean' systems. The model also

provides a framework to optimize bubble column performance with regard to mass

transfer rates.
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6

FUTURE WORK

The proposed model adequately predicts bubble dispersion properties in distilled

water but the scant amount of data for bubble coalescence and break up rates make

assessment of the model difficult. Various aspects of the model require further

consideration.

1. The lack of information on bubble contact times in turbulent flows.

2. The effect of the approach velocity on bubble coalescence times is poorly

understood.

3. In case of bubble break up refinements in the number of daughter bubbles

resulting from breakup and their size distribution may need to be included.

4. The extension of the model for bubble size distribution to systems

containing inorganic electrolytes is highly deserved.
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7

NOMENCLATURE

A= the Hamaker constant

a = Inlcrfaeial area per unit volume (m2/m3
)

c= concentration of a surfactant species

C, ,C2= Unknown constants in breakage rate models.
I

db= the bubble diameter.(m)

d",,,, = the maximum stable bubble size.(m)

d",,,, = the minimum stable bubble size.(m)

dg = the geometric mean bubble size, m.

D= tank or column diameter, m.

10,= the kinetic encrgy afthe eddy (kg. m2/s2).

E(k) = Thc energy of eddies of wave number k, kg. m3s-2.

h= the film thickncss between coalescing bubbles, m.

h" = the initial film thickness, m.

hr= the critical thickness where rupture occurs, m .

H = The un aerated liquid height, m.

k = The cddy wave number (k=1/r" re being the radius of the eddy), m".

k, = The wave number of the large energy containing eddies, mol.

kb= The wave number ofthe corresponding bubble size, m".

kd= The wave number ofthe eddi'es of viscous dissipation, mol.

KL = Mass Transfer Coefficient (m/s)

I = The integral scale ofthe energy-containing eddies, m.

N (k)= the number of eddies of wave number k per mass of fluid and per unit

interval of\vave numbers.

m = the eddy mass

ni ,nj = The concentration of bubbles of radius rbi, rbj respectively, m-3.

1',= Pressure at the sparger, N/m2
?

1'2=Absolute Pressure, N/nL
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PLM= Log mean Pressure, N/m'

Q 'j- ' 31::;:gas rate per on ICC, In s.

Qf\.1 = f\!lean gas ratc, 111
3
/S.

R= the radius of the column, m.

Rd= thc radius of the liquid disk between the coalescing bubbles, m.

Rg= the gas constant

r, = the eddy radius.

S,,= The collision cross s'eetional area ofthe bubbles, m2
.

tl,= The time rcquired for coalesccnce of bubbles of radius rbland rbj, sec.

U,= the eddy velocity, mls

1.1 =The instantaneous velocity in a turbulent flow .
•

1.1= The timc averaged-velocity

1"= 'rhe Iluctuating componcnt of velocity.

1.1, v, 11'=The threc componcnts (in Cartesian coordinates) of the instantaneous

velocity in directions x, YJ Z

u = Turhulence intensity ofthe cnergy-containing eddies.

Ut = Thc average turbulcnt fluctuating velocity of the bubble.

U,=The rise velocity of the particle, m/s.

U,= the liquid circulation velocity, m/s.

Ug= 'rhe superiieial gas velocity, m/s.

U'.""" ~ Thc velocity in the center of the column, m/s.

V1= the total volume of liquid, m3

x (E) = Energy distribution function

Greek Symbols

E= The energy dissipation per unit mass, m2/s3

0= The kinematic viscosity, m2/s.

p,= the liquid density, kg/m3

Pr= the fluid density, kg/m3
.

cr = T'he surface tcnsion, kg/s2•

~ = Cas hold-up
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\), = Turbulent Kinetic viscosity,

Tij= T'he cOntact times for the two bubbles of radius rbiand rbJ, sec,

~lc, Pel = the viscosities of the continuous and dispersed liquid phase respectively,

kg/m.s.

r ()= gamma function,

ell= buoyancy driven collision rate, m-3,s-l,

eLS~ collision rate due (0 laminar shear, m-J,s-l,

eT= collision rate due (0 Turbulence, m-3s-l,

Subscripts

b = Bubhle

c = continuous phase

d = dispersed phase

e = eddy

f= final

g = gas

i,.i = particle U
,I = liquid

T~ total

T= Tank,

Superscripts

- = Mean Yalue,
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EQUA nONS USED TO DEVELOP THE MODEL
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Given Properties:

EQUILIBRIUM BUBBLE SIZE DISTRIBUTION FOR GAS VELOCITY 5.2 em/sec

Superficial Gas Velocity Density of Air Density of Kinematic Surface Gravitational Bubble column diameter Bubble
water viscosity of Tension of Acceleration column radius

water water
Ug 0, p, v, i" g D R

cm/s mls k<!lm' k<!lm' rrr'" Is Kgls' mls em m m

5.2 0.052 1.2 1000 0.000000984 0.073 9.8 27 0.27 0.135
5.2 0.052 1.2 1000 0.000000984 0.073 9.8 27 0.27 0.135
5.2 0.052 1.2 1000 0.000000984 0.073 9.8 27 0.27 0.135
5.2 0.052 1.2 . 1000 0.000000984 0.073 9.8 27 0.27 0.135
5.2 0.052 1.2 1000 0.000000984 0.073 9.8 27 0.27 0.135
5.2 0.052 1.2 1000 0.000000984 0.073 9.8 27 0.27 0.135
5.2 0.052 1.2 1000 0.000000984 0.073 9.8 27 0.27 0.135
5.2 0.052 1.2 1000 0.000000984 0.073 9.8 27 0.27 0.135
5.2 0.052 1.2 1000 0.000000984 0.073 9.8 27 0.27 0.135
5.2 0.052 1.2 1000 0.000000984 0.073 9.8 27 0.27 0.135

Unaerated Total liquid height Initial film Final film Dynamic viscosity of water Dynamic viscosity of air Orifice Diameter
thickness thickness

HT he hf ~, ~, de
em m m m Kg/m-s Of N- ep Kg/m-s Of N- ep mm m

s/m2 51m2
I

200 2 0.0001 lE-08 0.00102 1.02 0.000018 0.018 2 0.002
200 2 0.0001 1E-08 0.00102 1.02 0.000018 0.018 2 0.002
200 2 0.0001 IE-08 0.00102 1.02 0.000018 0.018 2 0.002
200 2 0.0001 I E-08 0.00102 1.02 0.000018 0.018 2 0.002
200 2 0.0001 IE-08 0.00102 1.02 0.000018 0.018 2 0.002
200 2 0.0001 IE-08 0.00102 1.02 0.000018 0.018 2 0.002
200 2 0.0001 IE-08 0.00102 1.02 0.000018 0.018 2 0.002
200 2 0.0001 lE-08 0.00102 1.02 0.0000\8 0.018 2 0.002
200 2 0.0001 IE-08 0.00102 1.02 0.000018 0.018 2 0.002
200 2 0.0001 IE-08 0.00102 1.02 0.000018 0.018 2 0.002

..~



Determined Properties:

. . .
•

Unaerated liquid height considered Energy dissipation Minimum Bubble Size Maximum Bubble Size Gas I-Ioldup
for initial bubble size per unit mass

H" E dmin dmax "
(I-ITxO.IO) (eqo 3.12) (eqo 3.30) (eqo 3.31) (eqo 3.7)

ern m. m Is m mm m mm

20 0.20 0.5096 0.0032 3.2 0.0047 4.7 0.245812

20 0.20 0.5096 0.0032 3.2 0.0047 4.7 0.245812

20 0.20 0.5096 0.0032 3.2 0.0047 4.7 0.245812

20 0.20 0.5096 0.0032 3.2 0.0047 4.7 0.245812

20 0.20 0.5096 0.0032 3.2 0.0047 4.7 0.245812

20 0.20 0.5096 0.0032 3.2 0.0047 4.7 0.245812

20 0.20 0.5096 0.0032 3.2 0.0047 4.7 0.245812

20 0.20 0.5096 0.0032 3.2 0.0047 4.7 0.245812

20 0.20 0.5096 0.0032 3.2 0.0047 4.7 0.245812

20 0.20 0.5096 0.0032 3.2 0.0047 4.7 0.245812

Initial average bubble size determinatiou:

Superficial Cross No of pores in Cross UgxA Aoxno Velocity of gas Initial average bubble size
Gas velocity sectional area the sparger sectional area in the pores

of the column of the orifice
U, A 00 A, U, d,

(lTxR2) ((lT/4)xd,' ) (U,xA)/(Aoxoo) (eqo 3.3)

mls m m' mls m ern mm

0.052 0.057279 12 3.14E-06 0.002978 3.77 E-05 78.975 0.031068 3.1068 31.068

0.052 0.057279 12 3.14E-06 0.002978 3.77 E-05 78.975 0.031068 3.1068 31.068

0.052 0.057279 12 3.14E-06 0.002978 3.77 E-05 78.975 0.031068 3.1068 31.068

0.052 0.057279 12 3.14E-06 0.002978 3.77 E-05 78.975 0.031068 3.1068 31.068

0.052 0.057279 12 3.14E-06 0.002978 3.77 E-05 78.975 0.031068 3.1068 31.068

0.052 0.057279 12 3.14E-06 0.002978 3.77 E-05 78.975 0.031068 3.1068 31.068

0.052 0.057279 12 3.14E-06 0.002978 3.77 E-05 78.975 0.031068 3.1068 31.068

0.052 0.057279 12 3.14E-06 0.002978 3.77 E-05 78.975 0.031068 3.1068 31.068

0.052 0.057279 12 3.14E-06 0.002978 3.77 E-05 78.975 0.031068 3.1 068 31.068

0.052 0.057279 12 3.14E-06 0.002978 3.77 E-05 78.975 0.031068 3.1068 31.068

74



Standard deviation determination:

Bubble column Standard deviation
diameter

D (gxD' lv, 2) (gxD3 IVe 2)"0.08 (Uo/vgD) (Uo/vgD)"OO8 cr
m (eqn 3.4)

0.27 2.41 E+41 0.122854 0.31967482 1.317114 0.313928
0.27 2.41 E+41 0.122854 0.31967482 1.317114 0.313928
0.27 2.41 E+41 0.122854 0.31967482 1.317114 0.313928
0.27 2.41 E+41 0.122854 0.31967482 1.317114 0.313928
0.27 2.41 E+41 0.122854 0.31967482 1.317114 0.313928
0.27 2.41 E+41 0.122854 0.31967482 1.317114 0.313928
0.27 2.41 E+41 0.122854 0.31967482 1.317114 0.313928
0.27 2.41 E+41 0.122854 0.31967482 1.317114 0.313928
0.27 2.41 E+41 0.122854 0.31967482 1.317114 0.313928
0.27 2.41 E+41 0.122854 0.31967482 1.317114 0.313928

•
Initial bnbble size distribution determination:

Initial bubble size Initial average Standard deviation Exp(-.5'(ln(db (egn 3.2) [(x)
bubble size Ido)/lncr)')

Vb db d cr
ec em em
0.01 0.267346 3.1068 0.313928 .0.1 06358 -0.1368 -1.54323 0.088647
0.03 0.38558 3.1068 0.313928 0.197553 -0.17618 -1.54323 0.114166
0.05 0.457155 3.1068 0.313928 0.254651 -0.19155 -1.54323 0.124122
0.07 0.511415 3.1068 0.313928 0.297473 -0.20002 -1.54323 0.129611
0.09 0.556102 3.1068 0.313928 0.332055 -0.20533 -1.54323 0.133052
0.11 0.594572 3.1068 • 0.313928 0.361176 -0.20889 -1.54323 0.135357
0.13 0.62862 3.1068 0.313928 0.386372 -0.21136 -1.54323 0.136957
0.15 0.659332 3.1068 0.313928 0.408598 -0.2131 -1.54323 0.138089

7';



Volume of Liquid Volume of gas Volume of mixture Total number of initial No of bubbles of size db Concentration of bubbles
bubbles

v, Vd Ym NT N; NTxf(x) n -N/Ymm' m' m' (eqn.3.6)

0.011456 0.003734 0.015189 179.2778 15.89241 1046.279
0.011456 0.003734 0.015189 179.2778 20.46743 1347.475
0.011456 0.003734 0.015189 179.2778 22.25226 1464.98
0.011456 0.003734 0.015189 179.2778 23.23631 1529.765
0.011456 0.003734 0.015189 179.2778 23.85332 1570.386
0.011456 0.003734 0.015189 179.2778 24.26647 1597.585
0.011456 0.003734 0.015189 179.2778 24.55335 1616.472
0.011456 0.003734 0.015189 179.2778 24.75628 1629.832

Maximum liquid circulation velocity determiuatiou:

Imaginary Absolute Pressure at the Gas rate per Log mean Mean Gas Rate Fu Maximum Liquid Circulation
inner tube dia Pressure sparger orifice Pressure .Velocity

d-D/2 P2 Pj-P2+ Pcx Q~Uo*Ao Qm UI,max
gxHT

(eqn.3.22) (eqn.3.21) (eqn.3.20)
m N/m" . N/m" m~/s N/m2 m~/s m/s cm/s

0.135 101300 103260 1.63E-07 0.990449 1.62E-07 0.888889 0.023185 2.318474
0.135 101300 103260 1.63E-07 0.990449 1.62E-07 0.888889 0.023185 2.318474
0.135 101300 103260 1.63E-07 0.990449 1.62E-07 0.888889 0.023185 2.318474
0.135 101300 103260 1.63E-07 0.990449 1.62E-07 0.888889 0.023185 2.318474
0.135 101300 103260 1.63E-07 0.990449 1.62E-07 0.888889 0.023185 2.318474
0.135 101300 103260 1.63E-07 0.990449 1.62E-07 0.888889 0.023185 2.318474
0.135 101300 103260 1.63E-07 0.990449 1.62E-07 0.888889 0.023185 2.318474
0.135 101300 103260 1.63E-07 0.990449 1.62E-07 0.888889 0.023185 2.318474
0.135 101300 103260 1.63E-07 0.990449 1.62E-07 0.888889 0.023185 2.318474
0.135 101300 103260 1.63E-07 0.990449 1.62E-07 0.888889 0.023185 2.318474
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Equilibrium bubble size distribution determination:

Step: 1

Simulation of coalescence events:

Bubble size Bubble concentration Energy dissipation per Wave number of Wave number of Wave number oflarge
unit mass eddies of viscous corresponding bubble energy containing

dissipation bubble
db n £ Kd K", IITbi K,-I/D

(ean-3.11)
mm m m</s'

2.673461 0.002673 1046.279 0.5096 14530.29 . 748.0939 3.703704
3.855798 0.003856 1347.475 0.5096 14530.29 518.6994 3.703704
4.571554 0.004572 1464.98 0.5096 . 14530.29 437.488 3.703704
5.114147 0.005114 .1529.765 0.5096 14530.29 391.0721 3.703704
5.561023 0.005561 1570.386 0.5096 14530.29 359.646 3.703704
5.945724 0.005946 1597.585 0.5096 14530.29 336.3762 3.703704
6.286202 0.006286 1616.472 0.5096 14530.29 318.1571 3.703704
6.593322 0.006593 1629.832 0.5096 14530.29 303.3372 3.703704

db<dmin db>dmax d, dbi fbi n, Uti AvgUti
m m m m m m/s m/s

0.002673 - - 0.002673 0.001337 523.1393 0.115293 0.115293
- - 0.003856
- - 0.004572
- 0.005114 -
- 0.005561 -
- 0.005946 -
- 0.006286 -
- 0.006593 -

•
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Collision Cross Turbulent Collision
Sectional Area Rate

db rb' n U, AV.U,l Si;
(eon-3.9) . (eqn-3.8)

m , m m/s m/s m' m- /S-I

0.002673 0.001337 523.1393 0.115293 0.115293 2.24632E-05 1.002359

Rise Velocity Of Bubbles Local shear rate Collision rate due Equivalent Radius Coalescence time Contact time Coalescence rate
to laminar shear

Uri U (dU,ldR) fii til Ti" Tii

(eqn-3.13) (eon-3.13) (eqn-3.19) (eqn-3.17) (eqn-3.26) (eqn-3.25) (eon-3.27) (eon-3.28)
m/s m/s s s

0.267702 0.267702 0.910216 0.006346574 0.001337 0.013171 0.015192 0.423884

nnew nil n'[ v V "new db,
rni~nnew] In-~nnew] m' m' m' m

0.423884 522.7154 522.7154 0.00000001 0.00000001 0.00000002 0.003368
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Simulation of break up events:

Bubble size Energy
Concentration of Surface tension dissipation per

Bubbles Density of water Density of Air afwater unit mass Eddy size Radius
db rb n P, Pd 0, £-Us*g d, r,
m m kg/m' kg/m3 kg/s' orN/m m Is m m

0.005114 0.002557 1529.765 1000 1.2 0.073 0.5096 0.005114 0.002557
0.005561 0.002781 1570.386 1000 1.2 0.073 0.5096 0.005561 0.002781
0.005946 0.002973 1597.585 1000 1.2 0.073 0.5096 0.005946 0.002973
0.006286 0.003143 1616.472 1000 1.2 0.073 0.5096 0.006286 0.003143
0.006593 0.003297 1629.832 1000 1.2 0.073 0.5096 0.006593 0.003297

Turbulent
Eddy Wave Single Eddy Eddy Collision Cross Velocity of
Number Eddy Velocity Energy E(k) N(k) concentration Sectional Area bubbles Average Uti
k-l/re u" e n, Sie Uti

(eon-3.36) (eon-3.35) (eqn-3.33) (eon-3.34) N(k)xo, (eon-3.9) (eon-3.13)
m/s kg.m<.s. m m/s

391.0720533 0.312385053 3.41856E-06 5.1861E-05 15.1704 15170.4 8.21999E-05 0.14312 0.149973
359.6460475 0.32123097 4.64775E-06 5.96316E-05 12.83022 12830.22 9.71928E-05 0.147173 0.149973
336.3761792 0.328473821 5.93963E-06 6.66643E-05 11.22365 11223.65 0.000111105 0.150491 0.149973
318.1571425 0.334627745 7.28505E-06 7.3 1474E-05 10.04077 10040.77 0.000124194 0.153311 0.149973
303.3372244 0.339990882 8.67742E-06 7.9200IE-05 9.127144 9127.144 0.000136626 0.155768 0.149973
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Turbulent Collision rate of No of Bubbles
Velocity of bubbles with Critical eddy formed after The size of new
eddies Average Ute eddies velocity Exp (_U,,'/U,,2) Break un rates No of events breaka,e bubble

U" Dei B, db
(eon-3.36) (ean-3.32) (ean-3.39) (eqn-3.42)
m/s m/s m

0.313477 0.328486246 688.8478 0.181601 0.714908 492.4625 492.4625 984.925 0.004059

0.322354 0.328486246 707.1391 0.174152 0.746866 528.1381 528.1381 1056.276 0.004414

0.329622 0.328486246 719.387 O.I 68423 0.77022 554.0863 554.0863 1l08.173 0.004719

0.335798 0.328486246 727.8918 0.163799 0.788251 573.7612 573.7612 1147.522 0.004989

0.34118 0.328486246 733.9077 0.159938 0.802715 589.1188 589.1188 1178.238 0.005233

db n db (modified) n(modified) Vb Vb (modilled) n n (total) f

m cc
.

0.002673461 2.673461 522.7154 0.002673 1045.431 0.010009 0.01 1045.43 I 11802.35 0.088578
0.002673461 2.673461 522. 7154 0.003856 1347.899 0.030027 0.03 3389.101 11802.35 0.287155

0.00336835 3.36835 0.423884 0.004059 984.925 0.035025 0.05 3720.675 11802.35 0.315249
0.004058847 4.058847 984.925 0.004414 1056.276 0.045032 0.07 1723.078 11802.35 0.145994

0.00441351 4.41351 1056.276 0.004572 1464.98 0.050045 0.09 514.1093 11802.35 0.04356

0.004718829 4.718829 1108.173 0.004719 1108.173 0.05504 0.11 489.4126 11802.35 0.041467

0.004989049 4.989049 1147.522 0.004989 1147.522 0.065047 0.13 468.95 11802.35 0.039734

0.005232795 5.232795 1178.238 0.005233 1178.238 0.075054 0.15 451.5945 11802.35 0.038263
0.005114147 5.114147 544.84 0.005114 544.84 0.070064 I

0.005561023 5.561023 514.1093 0.005561 514.1093 0.090082
0.005945724 5.945724 489.4126 0.005946 489.4126 0.1101
0.006286202 6.286202 468.95 0.006286 468.95 0.130118
0.006593322 6.593322 451.5945 0.006593 451.5945 0.150136
0.003855798 3.855798 1347.475
0.004571554 4.571554 1464.98
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Step: 2

Bubble size Bubble concentration Energy dissipation per
unit mass

db f n 8 db<dc db>dm d_

m m"'/sJ m m m

0.002673 0.088578 1045.430893 0.5096 0.002673 - -
0.003856 0.114206 1347.899243 0.5096 - - 0.003856
0.004059 0.083452 984.9250469 0.5096 - - 0.004059
0.004414 0.089497 1056.276276 0.5096 - - 0.004414
0.004572 0.124126 1464.979999 0.5096 - - 0,004572
0.004719 0.093894 1108.172587 0.5096 - 0.004719 -
0.004989 0.097228 1147,522303 0.5096 - 0.004989 -
0.005233 0.099831 1178.237685 0.5096 - 0,005233 -
0.005114 0,046164 544.8399917 0,5096 - 0.005114 -
0.005561 0.04356 514.109279 0.5096 - 0.005561 -
0.005946, 0.041467 489.4125993 0.5096 - 0.005946 -

0.006286 0.039734 468.9500161 0.5096 - 0,006286 -
0.006593 0.038263 451.5944714 0.5096 - 0.006593 -

dbi fbi n, Uti AvgUti db, 'b n,,
m m m/s m/s m . m

0.002673 0.001337 522.7154 0.115293 0.115293 0,002673 0.001337 522.7154
•

81

••



Collision ~ross Turbulent Collision Rise Velocity Of Bubbles
Sectional Area "Rate Local Shear Rate

U, AvgUti Si" Uri U" (dU,/dR)

(ean-3.9) (ean-3.8)
m/s m/s m2 m-l/s m/s m/s

0.115293 0.115293 2.24632E-05 1.002359 0.267702 0.267702 0.910216

Collision rate due Equivalent Radius Coalescence time Contact time Coalescence rate
to laminar shear

riO tij tii Ti nnew n)2 0;2
(egn-3.17) (egn-3.26) (egn-3.25) (egn-3.27) (egn-3.28) n,lMnncw n;]-nnew

s s

0.006346574 0.001337 0.013171 0.015192 0.423884 0.423197 522.2922 522.2922

Vi V. Vnew The size of new bubble, db
m' m' m' m

0.00000001 0.00000001 0.00000002 0.003368
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Simulation of break up events:

Bubble size Energy
Concentration of Surface tension dissipation per

Bubbles Density of water Density of Air afwater unit mass Eddy size Radius of eddy
dbi fbi n Pc P, i\ E~Us'g d, r,
m m kg/m' kg/m' kg/s' or N/m m'/s' m m

0.004719 0.002359 1108.173 1000 1.2 0.073 0.5096 0.004719 0.002359
0.004989 0.002495 1147.522 1000 1.2 0.073 0.5096 0.004989 0.002495
0.005233 0.002616 1178.238 1000 1.2 0.073 0.5096 0.005233 0.002616
0.005114 0.002557 544.84 1000 1.2 0.073 0.5096 0.005114 0.002557
0.005561 0.002781 514.1093 1000 1.2 0.073 0.5096 0.005561 0.002781
0.005946 0.002973 489.4126 1000 1.2 0.073 0.5096 0.005946 0.002973
0.006286 0.003143 468.95 1000 1.2 0.073 0.5096 0.006286 0.003143
0.006593 0.003297 451.5945 1000 1.2 0.073 0.5096 0.006593 0.003297

Turbulent
Eddy Wave Single Eddy Eddy Collision Cross Velocity of
Number Eddy Velocity Energy E(k) N(k) concentration Sectional Area bubbles Average Uti
k lIre u" e n, Sie Uti

(eqn-3.36) (eqn-3.35) (eon-3.33) (eqn-3.34) N(k)xpc (eqn-3.9) (eqn-3.13)
m/s kg.m2.s2 m m/s

423.8339857 0.304119252 2.54527E-06 4.53533E-05 17.81866 17818.66 6.99831E-05 0.139333 0.14692
400.8779996 0.309816896 3.12181E-06 4.97639E-05 15.94072 15940.72 7.82276E-05 0.141944 0.14692
382.2049027 0.314782385 3.71848E-06 5.38817E-05 14.49025 14490.25 8.60582E-05 0.144219 0.14692
391.0720533 0.312385053 3.41856E-06 5.1861 E-05 15.1704 15170.4 8.21999E-05 0.14312 0.14692
359.6460475 0.32123097 4.64775E-06 5.96316E-05 12.83022 12830.22 9.71928E-05 0.147173 0.14692
336.3761792 0.328473821 5.93963E-06 6.66643E-05 11.22365 11223.65 0.000111105 0.150491 0.14692
318.1571425 0.334627745 7.28505E-06 7.31474E-05 10.04077 10040.77 0.000124194 0.153311 0.14692
303.3372244 0.339990882 8.67742E-06 7.92001E-05 9.127144 9127.144 0.000136626 0.155768 0.14692
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Turbulent Collision rate of No of Bubbles
Velocity of bubbles with Critical eddy Formed After The size of new
eddies Average Ute eddies velocity Exn ("'Uci2/Ule2) Break UD rates No of Events breakage bubble

U" Dci ~, db
(cqn-3.36) (eqn-3.32) (eqn-3.39) (00n-3.42)
mls mls m

0.305183 0.321799629 488.8485 0.189055 0.681297 333.051 333.051 666.1021 0.003745
0.3109 0.321799629 506.2069 0.183864 0.704868 356.8093 356.8093 713.6186 0.00396
0.315883 0.321799629 519.7564 0.17953 0.723962 376.2841 376.2841 752.5682 0.004153
0.313477 0.321799629 240.3454 0.181601 0.714908 171.8248 171.8248 343.6495 0.004059
0.322354 0.321799629 226.7892 0.174152 0.746866 169.3811 169.3811 338.7623 0.004414
0.329622 0.321799629 215.8947 0.168423 0.77022 166.2865 166.2865 332.5729 0.004719
0.335798 0.321799629 206.8681 0.163799 0.788251 163.0639 163.0639 326.1278 0.004989
0.34118 0.321799629 199.212 0.159938 0.802715 159.9105 159.9105 319.821 0.005233
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db n db (modified) n(modified) Vb Vb (modified) n n (total) f
m cc

0.002673461 2.673461 522.2922 0.002673 1044.584 0.010009 . 0.01 3059.009 11801.93 0.259196
0.002673461 2.673461 522.2922 0.003745 2014.425 0.027515 0.03 4189.8 11801.93 0.35501
0.00336835 3.36835 0.423197 0.00396 713.6186 0.032517 0.05 2239.623 11801.93 0.189768
0.003745102 3.745102 666.1021 0.004059 1328.575 0.035025 0.07 1706.712 11801.93 0.144613
0.003959563 3.959563 713.6186 0.004153 752.5682 0.03752 0.09 175.347 11801.93 0.014857
0.004153012 4.153012 752.5682 0.004414 1395.039 0.045032 0.11 156.8397 11801.93 0.013289
0.004058847 4.058847 343.6495 0.004572 1464.98 0.050045 0.13 142.8223 11801.93 0.012102
0.00441351 4.41351 338.7623 0.004719 774.6434 0.05504 0.15 131.7735 11801.93 0.011165
0.004718829 4.718829 332.5729 0.005114 961.2219 0.070064 I
0.004989049 4.989049 326.1278 0.005233 745.4905 0.075054
0.005232795 5.232795 319.821 0.005561 175.347 0.090082
0.004718829 4.718829 442.0705 0.005946 156.8397 0.1101
0.004989049 4.989049 433.9037 0.006286 142.8223 0.130118
0.005232795 5.232795 425.6695 0.006593 131.7735 0.150136
0.005114147 5.114147 201.1904
0.005561023 5.561023 175.347
0.005945724 5.945724 156.8397
0.006286202 . 6.286202 142.8223
0.006593322 6.593322 131.7735
0.003855798 3.855798 1347.899
0.004058847 4.058847 984.925
0.00441351 4.41351 1056.276
0.004571554 4.571554 1464.98
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Given Properties:

EOUILIBRIUM BUBBLE SIZE DISTRIBUTION FOR GAS VELOCITY 1.13 cm/s

".1

Superficial Kinematic Surface tension Gravitational
gas velocity Density of Air Density of water Viscosity of Water of water Acceleration Bubble column diameter

U, Pd P, V, 8, g D

cm/s mls kg/m' kg/m' ro2/s kg/52 m/s2 em m

1.13 0.0113 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
1.13 0.0113 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
1.13 0.0113 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
1.13 0.0113 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
1.13 0.0113 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
1.13 0.01\3 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
1.13 0.0113 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
1.13 0.0113 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
1.13 0.0113 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524

Bubble column Unaerated Initial film Final film Dynamic viscosity of water Dynamic viscosity of air Orifice Diameter
radius total liquid height Thickness Thickness

fl, fld d,
R HT h, hI'
m em m m kg/roMs or N_s/m2 ep kg/roMs or N_s/m1 eo mm m

0.0762 109 0.0001 lE-08 0.00102 1.02 0.000018 0.018 1 0.00\
0.0762 109 0.0001 IE-08 0.00102 1.02 0.000018 0.018 1 0.001
0.0762 109 0.0001 IE-08 0.00102 1.02 0.000018 0.018 I 0.001
0.0762 109 0.0001 IE-08 0.00102 1.02 0.000018 0.018 I 0.001
0.0762 109 0.0001 IE-08 0.00102 1.02 0.000018 0.018 I 0.001
0.0762 109 0.0001 lE-08 0.00102 1.02 0.000018 0.018 1 0.001
0.0762 109 0.0001 lE-08 0.00102 1.02 0.000018 0.018 I 0.001
0.0762 109 0.0001 lE-08 0.00102 1.02 0.000018 0.018 1 0.001
0.0762 109 0.0001 lE-08 0.00102 1.02 0.000018 0.018 I 0.001
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Determined Properties:

Unaerated liquid height considered
for initial bubble size Minimum Bubble Size Maximum Bubble size

Energy dissination per unit mass Gas Holdup
E dmill dm q>

H,
(eqn 3.12) (egn 3.30) (egn 3.31) (egn 3.7)

em m m2/sJ m mm m mm

12.535 O. 12535 0.11074 0.00584 5.839741 0.0086 8.6435 0.1017
12.535 O. 12535 0.11074 0.00584 5.839741 0.0086 8.6435 0.1017
12.535 O. 12535 0.11074 0.00584 5.839741 0.0086 8.6435 0.1017
12.535 O. 12535 0.11074 0.00584 5.839741 0.0086 8.6435 0.1017
12.535 O. 12535 0.11074 0.00584 5.839741 0.0086 8.6435 0.1017
12.535 O. 12535 0.11074 0.00584 5.839741 0.0086 8.6435 0.1017
12.535 O. 12535 0.11074 0.00584 5.839741 0.0086 8.6435 0.1017
12.535 O. 12535 0.11074 0.00584 5.839741 0.0086 8.6435 0.1017
12.535 O. 12535 0.11074 0.00584 5.839741 0.0086 8.6435 0.1017

Initial Average Bubble Size Determination:

Superficial Cross sectional No of pores Cross sectional Ug xA Ao x"o Velocity of Initial average
Gas velocity Area of the In the sparger Area of the Gas in the Bubble size

Column Orifice Pores
Us A n, A, U, d,

(nxR') «n/4)xd,2 ) (U,xA)I(A,xn,) (egn 3.3)
m/s m' m' m/s m em

0.0113 0.0182 212 7.86E-07 0.000206 0.000167 1.24 4.363728 0.004364 0.436373
0,0) 13 0.0182 212 7.86E-07 0.000206 0.000167 1.24 4.363728 0.004364 0.436373
0.0113 0.0182 212 7.86E-07 0.000206 0.000167 1.24 4.363728 0.004364 0.436373
0.0113 0.0182 212 7.86E-07 0.000206 0.000167 1.24 4.363728 0.004364 0.436373
0.0113 0.0182 212 7.86E-07 0.000206 0.000167 1.24 4.363728 0.004364 0.436373
0.0113 0.0182 212 7.86E-07 0.000206 0.000167 1.24 4.363728 0.004364 0.436373
0.0113 0.0182 212 7.86E-07 0.000206 0.000167 1.24 4.363728 0.004364 0.436373
0.0113 0.0182 212 7.86E-07 0.000206 0.000167 1.24 4.363728 0.004364 0.436373
0.0113 0.0182 212 7.86E-07 0.000206 0.000167 1.24 4.363728 0.004364 0.436373
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Standard deviation determination:

Bubble column Standard deviation
Diameter

D (gxD' lv,2) (gxD3 IVe 2) 0,08 (U ,/vgD) (U IvgDrOO8 a
m (egn 3.4)

0.1524 4.34£+10 0.140929 1.222097 0.009246405 0.371412
0.1524 4.34£+10 0.140929 1.222097 0.009246405 0.371412
0.1524 4.34E+10 0.140929 1.222097 0.009246405 0.371412
0.1524 4.34E+10 0.140929 1.222097 0.009246405 0.371412
0.1524 4.34E+IO 0.140929 1.222097 0.009246405 0.371412
0.1524 4.34E+I0 0.140929 1.222097 0.009246405 0.371412
0.1524 4.34E+1O 0.140929 1.222097 0.009246405 0.371412
0.1524 4.34E+I0 0.140929 1.222097 0.009246405 0.371412
0.1524 4.34E+I0 0.140929 1.222097 0.009246405 0.371412

Initial bubble size distribution determination:

Initial bubble size Initial average bubble size Standard deviation Exp(-.5'(ln(db/d )/lna)2) ( egn 3.2) l\x)
db d, a

em m em

0.1 0.001 0.436373 0.371412 0.330749 -1.33044 -6.93021 0.191977
0.25 0.0025 0.436373 0.371412 0.853719 -1.37364 -6.93021 0.19821
0.355 0.00355 0.436373 0.371412 0.978525 -1.10877 -6.93021 0.159991
0.465 0.00465 0.436373 0.371412 0.997944 -0.86328 -6.93021 0.124567
0.575 0.00575 0.436373 0.371412 0.961952 -0.67295 -6.93021 0.097104
0.685 000685 0.436373 0.371412 0.901553 -0.52942 -6.93021 0.076393
0.79 0.0079 0.436373 0.371412 0.835639 -0.42549 -6.93021 0.061396
0.895 0.00895 0.436373 0.371412 0.768742 -0.34551 -6.93021 0.049855
1.005 0.01005 0.436373 0.371412 0.701362 -0.28072 -6.93021 0.040507

I
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Volume of Liquid Volume of gas Total Volume of mixture Total number of bubbles No of Bubbles of size db Concentration of bubbles
v, Vd vm NT N, n

(egn.3.6) f(x)xNT NjNm

m3 m3 m'

0.019891 0.002253 0.022144 5346.196 1026.349 46349.23
0.019891 0.002253 0.022144 5346.196 1059.67 47854.02
0.019891 0.002253 0.022144 5346.196 855.3411 . 38626.65
0.019891 0.002253 0.022144 . 5346.196 665.9617 30074.4
0.019891 0.002253 0.022144 5346.196 519.1362 23443.86
0.019891 0.002253 0.022144 5346.196 408.41 18443.53
0.019891 0.002253 0.022144 5346.196 328.237 14822.97
0.019891 0.002253 0.022144 5346.196 266.5344 12036.52
0.019891 0.002253 0.022144 5346.196 216.5568 . 9779.564

5346.196 241430.8

Equilibrium Bubble Size Distributiou Determination:

Step: 1
Simulation of coalescence events:

Energy dissipation Wave number of eddies of Wave number of Wave number of large
Bubble size Bubble concentration per unit mass viscous dissipation corresponding bubble energy containing bubble

db n E Kd

(egn-3.11) Kbj-l/rbi K,-IID
mm m m2/sJ

1 0.001 46349.23483 0.11074 9920.715 2000 6.56168
2.5 0.003 47854.02324 0.11074 9920.715 800 6.56168
3.55 0.004 38626.65167 0.11074 9920.715 563.3803 6.56168
4.65 0.005 30074.39715 0.11074 9920.715 430.1075 6.56168
5.75 0.006 23443.85609 0.11074 9920.715 347.8261 6.56168
6.85 0.007 18443.53129 0.11074 9920.715 291.9708 6.56168
7.9 0.008 14822.96998 0.11074 9920.715 253.1646 6.56168
8.95 0.009 12036.52294 0.11074 9920.715 223.4637 6.56168
10.05 0.010 9779.564338 0.11074 9920.715 199.005 6.56168

~l\



db<dmin db>dmax d," dbi rbi n, Uti db 'b n, Uti AvgUti AvgU" .
m m m m m mls m m mls mls mls

0.001 - - 0.001 0.0005 46349.234 0.049942 0.00465 0.002325 30074.4 0.083359 0.064637 0.083006

0.0025 - - 0.0025 0.00125 47854.023 0.067782 0.00575 0.002875 23443.86 0.089473 0.064637 0.083006

0.00355 - - 0.0035 0.001775 19313.325 0.076186 0.00355 0.001775 19313.33 0.076186 0.064637 0.083006

0.00465 - -
0.00575 - -

- - 0.00685
- - 0.0079

- 0.00895 - .

- 0.01005 -

Collision
Cross Turbulent Collision Rate

Sectional Collision due To Equivalent Coalescence
Area Rate Rise Velocity Of Bubbles buoyancy Radius time Contact time Coalescence rate n

Si" Uri I Uo rr ti" 'ti" Tj;

(eqn-3.9) (eqn-3.8) (eqn-3.13) (eqn-3.15) (eon-3.26) (eqn-3.25) (eqn-3.27) (eqn-3.28)

m2 mls mls m s s

2.508E-05 3678.192 0.401459 0.237926 5717.506 0.000823 0.006363 0.018288 6634.751 6634.751

5.347E-05 6311.803 0.273606 0.23585 2265.197 0.001742 0.019601 0.030153 4477.336 4477.336

3.960E-05 1554.278 0.248142 0.248142 0 0.001775 0.020154 0.030528 803.196 803.196

nil n, nnew v, V, vnew db

m3 m3 m3 m

39714.4 23439.65 6634.751 5.23333E-IO 5.26184E-08 5.31417E-08 0.004665

43376.6 18966.52 4477.336 8.17708E-09 9.94906E-08 1.07668E-07 0.005903

18510.1 18510.13 803.196 2.34133E-08 2.34133E-08 4.68267E-08 0.004473

'CfI



Simulation of breakup events:

Surface Energy
Bubble size Bubbles Density of tension of dissipation Eddy Wave

concentration \vater Density of Air water per unit mass Eddv size Radius Number

db; fbi n 0, Pd 0, E=Vs'g d, r, ~=I/r,
m m kg/m3 kg/m3 m m m

0.00895 0.004475 12036.52 1000 1.2 0.073 0.11074 0.00895 0.004475 223.4636872
0.Ql005 0.005025 9779.564 1000 1.2 0.073 0.11074 0.Ql005 0.005025 199.0049751

Single Collision Turbulent Turbulent Average Uti Average Ute
Eddy Eddy Cross Velocity of Velocity of

Eddy Velocity Energy E(k) N(k) concentration Sectional Area bubbles eddies

u" e n, Sie Uti V"
(eqn-3.36) (eqn-3.35) (eqn-3.33) (eqn-3.34) N(k)xn, (con-3.9) (eon-3.13) (eon-3.36)

m/s kg.m2.s2 m/s

0.226324665 9.617E-06 4.764E-05 4.953332 4953.332 0.000252 0.103691 0.227116 0.105734 0.231589732
0.235240934 1.471E-05 5.77E-05 3.928361 3928.361 0.000317 0.107776 0.236063 0.105734 0.231589732

Collision rate of
bubbles with Critical eddy No of Bubbles Formed After

eddies velocity Exp( -V'i2/V,.') Break up rates No of Events breakage The size of new bubble

Dei B
(eqn-3.32) (eqn-3.39) (eqn-3.42)

m/s

3821.217 0.137276 0.693964 2651.787 2651.787 5303.574 0.007103
3104.704 0.129545 0.739965 2297.372 2297.372 4594.744 0.007976



db n d(modified) n(modified) Total f

m mm m mm

0.001 1 39714.48 0.001 1 39714.48 229515.5 0.173036

0.0025 2.5 43376.69 0.0025 2.5 43376.69 229515.5 0.188992

0.00355 3.55 18510.13 0.00355 3.55 37020.26 229515.5 0.161297

0.00465 4.65 23439.65 0.00465 4.65 30877.59 229515.5 0.134534

0.00575 5.75 18966.52 0.00575 5.75 23443.86 229515.5 0.102145

0.00355 3.55 18510.13 0.00685 6.85 23747.11 229515.5 0.103466

0.004665365 4.665365 6634.751 0.0079 7.9 19417.71 229515.5 0.084603

0.00590340 I 5.903401 4477.336 0.00895 8.95 6732.948 229515.5 0.029335

0.00447272 4.47272 803.196 0.01005 10.05 5184.82 229515.5 0.02259

0.007103175 7.103175 5303.574 I

0.00797619 7.97619 4594.744

0.00895 8.95 6732.948

0.01005 10.05 5184.82

0.00685 6.85 18443.53

0.0079 7.9 14822.97

229515.5

91



Step: 2

Simulation of coalescence events:

Bubble
size db<dmin db>dmax d," db; fbi nil Uti db fb nJ Uti

db
m m m m m/s ill m m/s

0.001 0.001 - - 0.001 0.0005 39714.4835 0.049942 0.00465 0.002325 30877.59 0.083359

0.0025 0.0025 - - 0.0025 0.00125 43376.687 0.067782 0.00575 0.002875 23443.86 0.089473

0.00355 0.00355 - - 0.00355 0.001775 18510.1298 0.076186 0.00355 0.001775 18510.13 0.076186

0.00465 0.00465 - -
0.00575 0.00575 - -
0.00685 - - 0.00685
0.0079 - - 0.0079

0.00895 - 0.00895 -

0.01005 - 0.01005 -

Collision
Cross Turbulent Collision Rate

Sectional Collision due To Coalescence
AvgUti AygUJ Area Rate Rise Velocity Of Bubbles buoyancy Efluivalent Radius time Contact time

Sj; Uri U~ fi" tj; 'tii

(eqn-3.9) (eqn-3.8) (ean-3.13) (cqn-3.13) (eqn-3.15) (eqn-3.26) (eqn-3.25) (eqn-3.27)

m/s m/s m' m/s m/s m 5 s

0.064637 0.083006 2.5082E-05 3235.842 0.401459 0.237926 5029.902 0.000823 0.006363 0.018288

0.064637 0.083006 5.3477E-05 5721.255 0.273606 0.23585 2053.26 0.001742 0.019601 0.030153

0.064637 0.083006 3.9607E-05 1427.689 0.248142 0.248142 0 0.001775 0.020154 0.030528

Coalescence rate "new ni2 n., y, y, Vnew db
Ti" m' m' m' . m

(eqn-3.28)

5836.836 5836.836 33877.65 25040.76 5.23333E-IO 5.26 I84E-08 5.31417E-08 0.004665

4058.426 4058.426 39318.26 19385.43 8. I7708E-09 9.94906E-08 1.07668E-07 0.005903

737.7791 737.7791 17772.35 17772.35 2.34133E-08 2.34133E-08 4.68267E-08 0.004473

I\~



Simulation of breakup events:

Surface Energy
Bubble size Number of Density of tension of dissipation Eddy Wave

Bubbles water Density of Air water per unit mass Eddy size Radius Number
dbi fbi D, Dd 8, E~US'" d, r, k=l/re

m m kg/m' kg/m' m m m

0.00895 0.004475 6732.948 1000 1.2 0.073 0.11074 0.00895 0.004475 223.463682

0.01005 0.005025 5184.82 1000 1.2 0.073 0.11074 0.01005 0.005025 199.004971

Turbulent Average Uti
Single Eddy Eddy Collision Cross Velocity of Turbulent Velocity

Eddy Velocitv Energy E(k) N(k) concentration Sectional Area bubbles of eddies

u" e n, Sie Uti U"
(eqn-3.36) (eon-3.35) (eqn-3.33) (eqn-3.34) N(k)xp, (eqn-3.9) (eon-3.13) (eon-3.36)

m/s kg.m2.s2

0.226324665 9.6178IE-06 4.72E-05 4.953332 4953.332 0.000252 0.103691 0.227116 0.105734

0.235240934 1.471l9E-05 5.77E-05 3.928361 3928.361 0.000317 0.107776 0.236063 0.105734

Average Ute Collision rate No of Bubbles
of bubbles Critical eddy Break up No of Formed After The size of ncw
with eddies velocity Exp(-U}/U1/) rates Events breakage bubble

Dci ~; db n

(eqn-3.32) (eqn-3.39) (eqn-3.42)

m/s m/s m

0.231589 2137.499 0.137276 0.693964 1483.348 1483.348 2966.695 0.007103 0.00895 3766.253356

0.231589 1646.017 0.129545 0.739965 1217.995 1217.995 2435.99 0.007976 0.01005 2748.830167

A'



db n d(modified) n(modified) Total f

m mm m mm

0.001 I 33877.65 0.001 1 33877.65 218882.4 0.154776

0.0025 2.5 39318.26 0.0025 2.5 39318.26 218882.4 0.179632

0.00355 3.55 17772.35 0.00355 3.55 35544.7 218882.4 0.162392

0.00465 4.65 25040.76 0.00465 4.65 31615.37 218882.4 0.14444

0.00575 5.75 19385.43 0.00575 5.75 23443.86 218882.4 0.107107

0.00355 3.55 17772.35 0.00685 6.85 23747.11 218882.4 0.108493

0.004665365 4.665365 5836.836 0.0079 7.9 22384.41 218882.4 0.102267

0.00590340 I 5.903401 4058.426 0.007976 7.97619 2435.99 218882.4 0.011129

0.00447272 4.47272 737.7791 0.00895 8.95 3766.253 218882.4 0.017207

0.007103175 7.103175 2966.695 0.01005 10.05 2748.83 218882.4 0.012558

0.00797619 7.97619 2435.99
0.00895 8.95 3766.253 I

0.01005 10.05 2748.83
0.00685 6.85 23747.11
0.0079 7.9 19417.71

218882.4

Q"



Step: 3
Simulation of coalescence events:

Bubble
size db<dc db>dm d," dbi fbi ni Uti db; fb' n U,
db (eqn-3.13) (eqn-3.13)
m m m m m m m/s m m m/s

0.001 0.001 - - 0.001 0.0005 33877.6472 0.049942 0.00465 0.002325 31615.37 0.083359
0.0025 0.0025 - - 0.0025 0.00125 39318.261 0.067782 0.00575 0.002875 23443.86 0.089473
0.00355 0.00355 - - 0.00355 0.001775 17772.3507 0.076186 0.00355 0.001775 17772.35 0.076186
0.00465 0.00465 - -
0.00575 0.00575 - -

0.00685 - - 0.00685
0.0079 - - 0.0079
0.007976 - - 0.007976
0.00895 - 0.00895 -
0.01005 - 0.01005 -

Collision
Cross Turbulent Collision Rate

Sectional Collision due To Coalescence
AvgUti AvgU( Area Rate Rise Velocity Of Bubbles buoyancy Equivalent Radius time Contact time

Sj; Uri U riO ti" ti
(cqn-3.9) (ean-3.8) (ean-3.13) (ean-3.15) (ean-3.26) (oan-3.25) (eqn-3.27)

m/s m/s m' m/s m/s m s s

0.064637 0.083006 2.5082E-05 2826.223 0.401459 0.237926 4393.177 0.000823 0.006363 0.018288
0.064637 0.083006 5.34777E-05 5185.961 0.273606 0.23585 1861.152 0.001742 0.019601 0.030153
0.064637 0.083006 3.96079E-05 1316.147 0.248142 0.248142 0 0.001775 0.020154 0.030528

Coalescence rate "new Vi V; "new db
Ti" m3 m3 m3 m

(eqn-3.28)

5097.963 5097.963 5.23333E-I0 5.26184E-08 5.31417E-08 0.004665
3678.71 3678.71 8.17708E-09 9.94906E-08 1.07668E-07 0.005903
680.1382 _._~ 680.1382 2.34133E-08 2.34133E-08 4.68267E-08 0.004473



Simulation of Breakup Events:

Energy
Surface dissipation

Bubble size Concentration Density of tension of per unit Eddy Wave
of Bubbles water Density of Air water mass Eddy size Radius Number

dbi fbi p, °d 0, E~U *0 d, r, k~l/r,

m m kg/m3 kg/m3 m m m

0.00895 0.004475 3766.253356 1000 1.2 0.073 0.11074 0.00895 0.004475 223.4636872

0.01005 0.005025 2748.830167 1000 1.2 0.073 0.11074 0.01005 0.005025 199.0049751

Single Collision Turbulent Turbulent Average Uti Average Ute
Eddy Eddy Cross Velocity of Velocity of

Eddy Velocity Energy E(k) N(k) concentration Sectional Area bubbles eddies
u, e n, Sie Uti U"

(eon-3.36) (ean-3.35) (eon-3.33) (eon-3.34) N(k)xp, (eon-3.9) (eon-3.13) (eon-3.36)

m/s kg.m2.s2 m' m/s m/s m/s m/s

0.226324665 9.6178E-06 4.7640E-05 4.953332 4953.332 0.000252 0.103691 0.227116 0.105734 0.231589732

0.235240934 1.471 IE-05 5.7793E-05 3.928361 3928.361 0.000317 0.107776 0.236063 0.107776 0.236063455

Collision rate No of Bubbles
of bubbles Critical eddy Exp(- Break up Formed After The size of new
with eddies. velocity ui/ut/) rates No of Events breakage bubble

Uci ~i db n

(eqn-3.32) (eqn-3.39) (eqn-3.42)

m/s m

1195.667 0.137276 0.693964 829.7498 829.7498 1659.5 0.007103 0.00895 2106.75374

~9.5248 0.129545 0.739965 658.2171 658.2171 1316.434 0.007976 0.01005 1432.395891

rv,



db n db(modified) n(modified) Total f
m mm m mm

0.00100 1.00 28779.68 0.001 I 28779.68 209425.6 0.137422

0.00250 2.50 35639.55 0.0025 2.5 35639.55 209425.6 0.170178

0.00355 3.55 17092.21 0.00355 3.55 34184.42 209425.6 0.163229

0.00465 4.65 26517.41 0.00465 4.65 32295.51 209425.6 0.15421

0.00575 5.75 19765.15 0.00575 5.75 23443.86 209425.6 0.111944

0.00355 3.55 17092.21 0.00685 6.85 25406.61 209425.6 0.121316

0.00467 4.67 5097.963 0.00790 7.9 22384.41 209425.6 0.1 06885

0.00590 5.90 3678.71 0.00798 7.97619 3752.424 209425.6 0.017918

0.00447 4.47 680.1382 0.00895 8.95 2106.754 209425.6 0.01006

0.00710 7.1 0 1659.5 0.01005 10.05 1432.396 209425.6 0.00684

0.00798 7.98 1316.434 1

0.00895 8.95 2106.754
0.01005 10.05 1432.396
0.00685 6.85 23747.11
0.00790 7.90 22384.41
0.00798 7.98 2435.99

209425.6

<;Ii



Step: 4

Simulation of Coalescence Event:

Bubble
size db<dmin db>dmax dM dbi fbi Oj3 U, db; rb n3 U,
db
m m m m m m m/s m m m/s

0.001 0.001 - - 0.001 0.0005 28779.6841 0.049942 0.00465 0.002325 32295.51 0.083359
0.0025 0.0025 - - 0.0025 0.00125 35639.551 0.067782 0.00575 0.002875 23443.86 0.089473
0.00355 0.00355 - - 0.00355 0.001775 17092.2125 0.076186 0.00355 0.001775 17092.21 0.076186
0.00465 0.00465 - -
0.00575 0.00575 - -
0.00685 - - 0.00685
0.0079 - - 0.0079
0.00797 - - 0.007976
0.00895 - 0.00895 - .

-
0.01005 0.01005 -

Collision
Cross Turbulent Collision Rate

Sectional Collision due To Coalescence
AvgUt; AvgU( Area Rate Rise Velocity Of Bubbles buoyancy Equivalent Radius time Contact time
m/s m/s Si" Uri U, fj" t;; lji

(eqn-3.9) (cqn-3.8) (egn-3.l3) (eqn-3.15) (eqn-3.26) (eon-3.25) (eqn-3.27)
m' m/s m/s m s s

0.064637 0.083006 2.5082E-05 2452.579 0.401459 0.237926 3812.373 0.000823 0.006363 0.018288
0.064637 0.083006 5.34777E-05 4700.75 0.273606 0.23585 1687.018 0.001742 0.019601 0.030153

--.Jl064637 0.083006 3.96079E-05 1217.338 0.248142 0.248142 0 0.001775 0.020154 0.030528



Coalescence rate nnew ni n VI v2 Vnew d

Tij m3 m3 m' m

(eqn-3.28)

4423.982 4423.982 24355.7 27871.53 5.23333£-10 5.26184£-08 5.31417£-08 0.004665

3334.521 3334.521 38974.07 20109.33 8.17708£-09 9.94906£-08 1.07668£-07 0.005903

629.0773 629.0773 17092.21 17092.21 2.34133£-08 2.34133£-08 .4.68267£-08 0.004473

Simulation of Breakup Events:

Energy
Surface dissipation

Bubble size Concentration Density of tension of per unit Eddy Wave
of Bubbles water Density of Air water mass Eddv size Radius Number

dbi rbi p, Pd 0, E=U,,*g d. r. k=l/re
m m kglm' kg/m' m m m

0.00895 0.004475 2106.754 1000 1.2 0.073 0.11074 0.00895 0.004475 223.4636872

0.Ql 005 0.005025 1432.396 1000 1.2 0.073 0.11074 0.01005 0.005025 199.0049751

Single Collision Turbulent Turbulent Average Uti Average Ule
Eddy Eddy Cross Velocity of Velocity of

Eddy Velocitv Energy £(k) N(k) concentration Sectional Area bubbles eddies
u, e n. Sie Uti U"

(eqn-336) (eqn-3.35) (eqn-3.33) (eqn-3.34) N(k)xp, (eqn-3.9) (eqn-3.13) (eqn-3.36)

m/s kg.m2.s2 m2 m/s m/s m/s m/s

0.226324665 9.6178E-06 4.7640E-05 4.953332 4953.332 0.000252 0.103691 0.227116 0.105734 0.231589732

0.235240934 1.4711E-05 5.7793E-05 3.928361 3928.361 0.000317 0.107776 0.236063 0.107776 0.236063455

VVl



Collision rate No of Bubbles
of bubbles Critical eddy Exp(- Break up Formed After The size of new
with eddies velocity Uci2/Ut/) rates No of Events breakage bubble

Uci ~i db n
(eqn-3.32) (eqn-3.39) (eqn-3.42)

m/s m

668.82802 0.137276 0.693964 464.14257 464.14257 928.28514 0.0071032 0.00895 1178.4686
463.52505 0.129545 0.739965 342.99228 342.99228 685.98456 0.0079762 0.01005 746.4113325

db n db(modified) n(modified) Total f
m mm m mm

0.001 I 24355.702 0.001 1 24355.702 208965.23 0.1165539
0.0025 2.5 38974.072 0.0025 2.5 38974.072 208965.23 0.1865098
0.00355 3.55 17092.212 0.00355 3.55 34184.425 208965.23 0.1635891
0.00465 4.65 27871.529 0.00465 4.65 32924.588 208965.23 0.1575601
0.00575 5.75 20109.335 0.00575 5.75 23443.856 208965.23 0.1121902
0.00355 3.55 17092.212 0.00685 6.85 26334.891 208965.23 0.1260252

0.004665365 4.6653652 4423.9818 0.0079 7.9 22384.409 208965.23 0.1071203
0.005903401 5.903401 3334.5212 0.0079762 7.9761905 4438.409 208965.23 0.0212399
0.00447272 4.4727197 629.07727 0.00895 8.95 1178.4686 208965.23 0.0056395
0.007103175 7.1031746 928.28514 0.01005 10.05 746.41133 208965.23 0.0035719
0.00797619 7.9761905 685.98456 1
0.00895 8.95 1178.4686
0.01005 10.05 746.41133
0.00685 6.85 25406.605
0.0079 7.9 22384.409

0.00797619 7.9761905 3752.4244
208965.23

C>



Step: 5
Simulation of Coalescence Event:

Bubble
size db<dmin db>dmax d, dbi fbi ni4 Uti db. rb; 0;4 Uti

db
m m m m m m m/s m m m/s

0.001 0.001 - - 0.001 0.0005 24355.702 0.0499423 0.00465 0.002325 32924.588 0.083359

0.0025 0.0025 - - 0.0025 0.00125 38974.072 0.0677821 0.00575 0.002875 23443.856 0.0894728

0.00355 0.00355 - - 0.00355 0.001775 17092.212 0.0761864 0.00355 0.001775 17092.212 0.0761864

0.00465 0.00465 - -
0.00575 0.00575 - -
0.00685 - - 0.00685
0.0079 - - 0.0079

0.0079762 - - 0.0079762
0.00895 - 0.00895 -
0.01005 - 0.00895 -

Collision
Cross Turbulent Collision Rate

Sectional Collision due To Coalescence

AvgUti AVQU, Area Rate Rise Velocity Of Bubbles buoyancy Equivalent Radius time Contact time

m/s m/s Si; Uri I U, fi tj" ti
(eon-3.9) (eon-3.8) (eqn-3.13) (eqa-3.15) (eon-3.26) (ean-3.25) (eqn-3.27)

m2 m/s m/s m s s

0.0646369 0.0830061 2.5082E-05 2116.0012 0.4014586 0.2379255 3289.184 0.000823 0.006363 0.0182881

0.0646369 0.0830061 5.34777E-05 5140.5635 0.2736065 0.2358505 1844.8596 0.0017424 0.0196013 0.0301533

0.0646369 0.0830061 3.96079E-05 1217.3382 0.2481423 0.2481423 0 0.001775 0.0201536 0.0305279

Coalescence rate "new ni n, v, V2 Vncw d

Tj; m' m' mJ m

(eqn-3.28)

3816.8593 3816.8593 20538.843 29107.728 5.23333E-10 5.26184E-08 5.31417E-08 0.0046654

3646.5069 3646.5069 42620.579 19797.349 8.17708E-09 9.94906E-08 1.07668E-07 0.0059034

629.07727 629.07727 17092.212 17092.212 2.34133E-08 2.34133E-08 4.68267E-08 0.0044727
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Simulation of Breakup Events:

Energy
Surface dissipation

Bubble size Concentration De\~:~~6f,
tension of per unit Eddy Wave

of Bubbles Density of Air water mass Eddy size Radius Number

dbi fbi p, °d D, E~U,'g d, r, k=1/re

m m kg/m) kg/m) m m m

0.00895 0.004475 1178.469 1000 1.2 0.073 0.11074 0.00895 0.004475 223.4636872

0,01005 0,005025 746.4113 1000 1.2 0,073 0.11074 0.01005 0.005025 199,0049751

Single Collision Turbulent Turbulent Average Uti Average Ute

Eddy Eddy Cross Velocity of Velocity or

Eddy Velocity Energy E(k) N(k) concentration Sectional Area bubbles eddies

u, e n, Sie Uti U"
(eqn-3.36) (eqn-3.35) (eqn-3.33) (eqn-3.34) N(k)xp, (eqn-3.9) (eqn-3.l3) (eqn-3.36)

m/s kg.m2.s2 m' m/s m/s m/s m/s

0.226324665 9.6178E-06 4.7640E-05 4.953332 4953.332 0,0002518 0,103691 0.227116 0.105734 0.231589732

0.235240934 1.4711E-05 5.7793E-05 3.928361 3928.361 0.0003174 0.107776 0.236063 0.107776 0.236063455

Collision rate No of Bubbles
of bubbles Critical eddy Exp(- Break up Formed After The size of new
with eddies velocity Uc;2/Ut/) rates No of Events breakage bubble

Uci Bi db n

(eon-3.32) (eqn-3.39) (eqn-3.42)

mls m

374.1267 0.137276 0.693964 259.63046 259.63046 519.26092 0.0071032 0.00895 659.2076786

241.53961 0.129545 0.739965 178.73084 178.73084 357.46168 0.0079762 0.01005 388.9496479
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db n db(modificd) n(modified) Total f

m mm .
m mm

0.001 I 20538.843 0.001 I 20538.843 209423.96 0.098073

0.0025 2.5 42620.579 0.0025 2.5 42620.579 209423.96 0.2035134

0.00355 3.55 17092.212 0.00355 355 34184.425 209423.96 0.1632307

0.00465 4.65 29107.728 0.00465 4.65 33553.665 209423.96 0.1602188
0.00575 5.75 19797.349 0.00575 5.75 23443.856 209423.96 0.1119445 .

0.00355 3.55 17092.212 0.00685 6.85 26854.151 209423.96 0.1282287

0.004665365 4.6653652 3816.8593 0.0079 7.9 22384.409 209423.96 0.1068856

0.00590340 I 5.903401 3646.5069 0.0079762 7.9761905 4795.8706 209423.96 0.0229003
0.00447272 4.4727197 629.07727 0.00895 8.95 659.20768 209423.96 0.0031477

0.007103175 7.1031746 519.26092 0.01005 10.05 388.94965 209423.96 0.0018572

0.00797619 7.9761905 357.46168 1

0.00895 8.95 659.20768
0.0 I005 10.05 388.94965
0.00685 6.85 .. 26334.891
0.0079 7.9 22384.409

0.00797619 7.9761905 4438.409
209423.96

1{)~



Given Properties:

EQUILIBRIUM BUBBLE SIZE DISTRIBUTION FOR GAS VELOCITY 0.59 cm/s

Bubble column
Superficial gas velocity Density of Air Density of water Kinematic Viscosity afWater Surface tension of water Gravitational Acceleration diameter

Do Pd P, V, 0, g D
em/s m/5 kg/m3 kgfm3 mlls kg/5' m/52 cm m

0.59 0.0059 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
0.59 0.0059 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
0.59 0.0059 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
0.59 0.0059 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
0.59 0.0059 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
0.59 0.0059 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
0.59 0.0059 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524
0.59 0.0059 1.2 1000 0.000000894 0.073 . 9.8 15.24 0.1524
0.59 0.0059 1.2 1000 0.000000894 0.073 9.8 15.24 0.1524

Unaerated Total Dynamic viscosity
Bubble column Liquid height Initial film of water Dynamic Orifice Diameter

Radius Thickness Final film thickness Viscosity of air
HI ho h,

R ~, ~d do
m cm m m m kg/m-s or N_s/m2 cp kglm-s or N_s/m2 cp mm m

0.0762 109 1.09 0.0001 1E-08 0,00102 1.02 0.000018 0,018 1 0.001
0.0762 109 1.09 0.0001 1E-08 0,00102 1.02 0.000018 0,018 I 0.001
0.0762 109 1.09 0.0001 1E-08 0.00102 1.02 0.000018 0.018 1 0.001
0.0762 109 1.09 0.0001 IE-08 0.00102 1.02 0.000018 0,018 I 0.001
0.0762 109 1.09 0.0001 IE-08 0.00102 1.02 0.000018 0.018 I 0.001
0.0762 109 1.09 0.0001 IE-08 0.00102 1.02 0.000018 0,018 1 0.001
0,0762 109 1.09 0.0001 IE-08 0,00102 1.02 0.000018 0.018 1 0.001
0,0762 109 1.09 0.0001 IE-08 0.00102 1.02 0.000018 0.018 1 0.001
0.0762 109 1.09 0.0001 IE-08 0.00102 1.02 0.000018 0.018 I 0.001
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Determined Properties:

Unaerated liquid height considered for initial bubble size .Minimum Bubble Size Maximum Bubble size
Enemy dissioation ncr unit mass GasHoldup

HT dmin dm~
E {Jl

(ego 3.30) (ego 3.12) (ego 3.7)

em em m mm . m mm m2/s3

12.535 0.12535 0.00757 7.573 0.011 11.121 0.05782 0.069872

12.535 0.12535 0.00757 7.573 0.011 11.121 0.05782 0.069872

12.535 0.12535 0.00757 7.573 0.011 11.121 0.05782 0.069872

12.535 0.12535 0.00757 7.573 0.011 11.121 0.05782 0.069872

12.535 0.12535 0.00757 7.573 0.011 11.121 0.05782 0.069872

12.535 0.12535 0.00757 7.573 0.011 11.121 0.05782 0.069872

12.535 0.12535 0.00757 7.573 0.011 11.121 0.05782 0.069872

12.535 . 0.12535 0.00757 7.573 0.011 11.121 0.05782 0.069872

12.535 0.12535 0.00757 7.573 0.011 11.121 0.05782 0.069872

Initial average bubble size determination:

Superficial Cross sectional No of pores in the sparger Cross sectional Velocity of gas in the pores Initial average bubble size
Gas velocity area of the column area of the orifice

Ug xA Ao x no

Ug A 00 Ao Uo d,

(TIxR') «TI/4)xdo' ) (U xA)/(Aoxoo) (eao 3.3)

m/s m' m' m/s m em mm

0.0059 0.018249 212 7.86£-07 0.000108 0.000167 0.646377 0.004 0.351 3.514

0.0059 0.018249 212 7.86£-07 0.000108 0.000167 0.646377 0.004 0.351 3.514

0.0059 0.018249 212 7.86£-07 0.000108 0.000167 0.646377 0.004 0.351 3.514

0.0059 0.018249 212 7.86£-07 0.000108 0.000167 0.646377 0.004 0.351 3.514

0.0059 . 0.018249 212 7.86£-07 0.000108 0.000167 0.646377 0.004 0.351 3.514

00059 0.018249 212 7.86£-07 0.000108 0.000167 0.646377 0.004 0.351 3.514

0.0059 0.018249 212 7.86£-07 0.000108 0.000167 0.646377 0.004 0.351 3.514

0.0059 0.018249 212 7:86£-07 0.000108 0.000167 0.646377 0.004 0.351 3.514

0.0059 0.018249 212 7.86£-07 0.000108 0.000167. 0.646377 0.004 0.351 3.514
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Standard deviation determination:

Bubble column diameter Standard deviation
D (gxD3/v1') (2:xD3/vc 2)".0.08 (U,I-JgD) (U,I-JgD)-O'O' cr
m . (eqn 3.4)

0.1524 4.34E+10 0.140929 0.00483 1.532146 0.435816
0.1524 4.34E+10 0.140929 0.00483 1.532146 0.435816
0.1524 4.34E+10 0.140929 0.00483 1.532146 0.435816
0.1524 4.34E+10 0.140929 0.00483 1.532146 0.435816
0.1524 4.34E+10 0.140929 0.00483 1.532146 0.435816
0.1524 4.34E+10 0.140929 0.00483 1.532146 0.435816
0.1524 4.34E+I0 0.140929 0.00483 1.532146 0.435816
0.1524 4.34E+I0 0.140929 0.00483 1.532146 0.435816
0.1524 4.34E+I0 0.140929 0.00483 1.532146 0.435816

Initial bnbble size distribution determination:

Initial bubble size Initial average bubble size Standard deviation
db, d, cr Exp(-.5*(ln(db;ldg)/lncr)')

( eqn 3.2) f
em m em

0.1 0.001 0.351384 0.435816 0.318293 -1.52684 -7.69963 0.19830
0.25 0.0025 0.351384 0.435816 0.919431 -1.7642 -7.69963 0.22912
0.355 0.00355 0.351384 0.435816 0.999924 -1.35116 -7.69963 0.17548
0.465 0.00465 0.351384 0.435816 0.944695 -0.97456 -7.69963 0.12657
0.575 0.00575 0.351384 0.435816 0.838776 -0.69975 -7.69963 0.09088
0.685 0.00685 0.351384 0.435816 0.723972 -0.50699 -7.69963 0.06584
0.79 0.0079 0.351384 0.435816 0.621413 -0.37733 -7.69963 0.04900
0.895 0.00895 0.351384 0.435816 0.530671 -0.28443 -7.69963 0.03694
1.005 0.01005 0.351384 0.435816 0.449118 -0.21437 -7.69963 0.02784

I
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Total number of initial bubbles Volume of Liquid Volume of gas Volume of mixture No of bubbles Concentration of bubbles

NT V, Vd Vm Ni n
(eqn.3.6) m' m' m' fxNT N/Vm

7033.062 0.019891 0.001494 0.021385 1394.664 65215.55
7033.062 0.019891 0.001494 0.021385 1611.468 75353.46
7033.062 0.019891 0.001494 0.021385 1234.188 57711.55
7033.062 0.019891 0.001494 0.021385 890.1875 41625.83
7033.062 0.019891 0.001494 0.021385 639.1764 29888.37
7033.062 0.019891 0.001494 0.021385 463.099 21654.86
7033.062 0.019891 0.001494 0.021385 344.6641 16116.75
7033.062 0.019891 0.001494 0.021385 259.8036 12148.61
7033.062 0.019891 0.001494 . 0.021385 195.8109 9156.266

7033.062 328871.2
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Equilibrium Bubble Size Distribution Determination:

Step: 1

Energy dissipation Wave number of eddies Wave number of Wave number oflarge
Bubble size Bubble concentration per unit mass of viscous dissipation corresponding bubble energy containing bubble

db , n £ Kd Kbi =l/rbi K,~IID

mm m m2/sJ (eqn-3.11)

1 0.001 65215.5492 0.05782 8433.083 2000 6.56168
2.5 0.0025 75353.45849 0.05782 8433.083 800 6.56168
3.55 0.00355 57711.55145 0.05782 8433.083 563.3803 6.56168
4.65 0.00465 41625.83336 0.05782 8433.083 430.1075 6.56168
5.75 0.00575 29888.36857 0.05782 8433.083 347.8261 6.56168
6.85 0.00685 21654.85589 0.05782 8433.083 29L9708 6.56168
7.9 0.0079 16116.75225 0.05782 8433.083 253.1646 6.56168
8.95 0.00895 12148.6093 0.05782 8433.083 223.4637 6.56168
10.05 0.01005 9156.265522 0.05782 8433.083 199.005 6.56168

Avg
db<dmin db>dmax d" dbi fbi n, Uti db' rb n. U, AvgUti Uti

m m m m m m/s m m m/s m/s m/s

0.001 - - 0.001 0.0005 65215.55 0.0402 0.00465 0.002325 41625.83 0.067124 0.052048 0.0718
0.0025 - - 0.0025 0.00125 75353.46 0.0545 0.00575 0.002875 29888.37 0.072047 0.052048 0.0718
0.00355 - - 0.00355 0.001775 57711.55 0.0613 0.00685 0.003425 21654.86 0.076376 0.052048 0.0718
0.00465 - -

0.00575 - -
0.00685 - -

- - 0.0079 ,

- - 0.0089 ,

- - 0.0100
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Collision
Cross T~rbulent Collision

Sectional Collision Rate due To Equivalent Coalescence
Area Rate Rise Velocity Of Bubbles buoyancy Radius time Contact time Coalescence rate n

Si" Uri Ur; riO ti" 1i Ti;

(ean-3.9) (eqn-3.8) (ean-3.13) (eqn-3.13) (ean-3.15) (eqn-3.26) (eqn-3.25) (eqn-3.27) (eqn-3.28)
m2 m/s m/s m s s

2.5082E-05 6040.85 0.401459 0.237926 11134.77 0.000823 0.006363 0.022711 12978.88 12978.88
5.3477E-05 10685.64 0.273606 0.23585 4547.408 0.001742 0.019601 0.037446 9025.167 9025.167
8.4982E-05 9422.623 0.248142 0.238131 1063.231 0.002338 0.030471 0.045558 5371.962 5371.962

nil n, "new Vi V. Vnew d
m3 m3 m3 m

52236.67 28646.95 12978.88 5.23333E-IO 5.26184E-08 5.31417E-08 0.004665
66328.29 20863.2 9025.167 8.17708E-09 9.94906E-08 1.07668E-07 0.005903
52339.59 . 16282.89 5371.962 2.34133E-08 1.68209E-07 1.91623E-07 0.007154

d n d (modified) n (modified) n( total) f
m mm m mm

0.001 1 52236.67 0.001 1 52236.67 301495.2 0.173259
0.0025 2.5 66328.29 0.0025 2.5 66328.29 301495.2 0.219998
0.00355 3.55 52339.59 0.00355 3.55 52339.59 301495.2 0.1736
0.00465 4.65 28646.95 0.00465 4.65 41625.83 301495.2 0.138065
0.00575 5.75 20863.2 0.00575 5.75 29888.37 301495.2 0.099134
0.00685 6.85 16282.89 0.00685 6.85 21654.86 301495.2 0.071825

0.004665365 4.665365 12978.88 0.0079 7.9 16116.75 301495.2 0.053456
0.005903401 5.903401 9025.167 0.00895 8.95 12148.61 301495.2 0.040295
0.007154119 7.154119 5371.962 0.01005 10.05 9156.266 301495.2 0.03037

0.0079 7.9 16116.75

0.00895 8.95 12148.61 1

O.QI005 10.05 9156.266
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Step: 2

/

Bubble
size d<dmin d>dmax d, dbi fbi nil Uti db' fbi 0, U,

d 0 m m m m m m/s m m m/s

m
0.001 52236.6 0.001 - - 0.001 0.0005 52236.67 0.040215 0.00465 0.002325 41625.83 0.067124

0:0025 66328.2 0.0025 - - 0.0025 0.00125 66328.29 0.054581 0.00575 0.002875 29888.37 0.072047

0.00355 52339.5 0.00355 - - 0.00355 0.001775 52339.59 0.061348 0.00685 0.003425 21654.86 0.076376

0.00465 41625.8 0.00465 - -
0.00575 29888.3 0.00575 - -
0.00685 21654.8 0.00685 - -
0.0079 16116.7 - - 0.0079
0.00895 12148.6 - - 0.00895
0.01005 9156.26 - - 0.01005

Avg Avg Collision Cross Turbulent
Uti U •. Sectional Area Collision Rate Rise Velocity Of Bubbles Collision Rate due To buoyancy EQuivalent Radius Coalescence time

m/s m/s Si' Uri Uc f1" Ii

(ego-3.9) (ego-3.8) (eoo-3.13) (ego-3.13) (egn-3.l5) (egn-3.26) (egn-3.25)

m' m/s m/s m s

0.052048 0.071849 2.5082E-05 . 4838.629 0.401459 0.237926 8918.782 0.000823 0.006363

0.052048 0.071849 5.34777E-05 9405.806 0.273606 0.23585 4002.76 0.001742 0.019601

0.052048 0.071849 8.49829E-05 8545.537 0.248142 0.238131 964.2626 0.002338 0.030471

Contact time Coalescence rate Onew ni2 n., Vi Vi Vnew d

lj; Tj" °il-0new n'J-Onew m' m3 m3 m
(ego-3.27) (eon-3.28)

s

0.022711 10395.89 10395.89 41840.78 31229.94 5.23333E-] 0 5.26184E-08 5.31417E-08 0.004665

0.037446 7944.213 7944.213 58384.08 21944.16 8. I7708E-09 9.94906E-08 1.07668E-07 0.005903

0.045558 4871.924 4871.924 47467.67 16782.93 2.34133E-08 1.68209E-07 1.91623E-07 0.007154
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d n d(modified) n(modified) f

m, mm m mm

0.001 1 41840.78 0.001 1 41840.78 0.150353

0.0025 2.5 58384.08 0.0025 2,5 58384.08 0.209801

0.00355 3,55 47467.67 0.00355 3.55 47467.67 0.170573

0.00465 4.65 31229.94 0.00465 4.65 41625.83 0.149581

0.00575 .5.75 21944.16 0.00575 5.75 29888.37 0.107403

0.00685 6.85 16782.93 0.00685 6.85 21654.86 0.077816

0.004665365 4.665365 10395.89 0.0079 7.9 16116.75 0.057915

0.005903401 5.903401 7944.213 0.00895 8.95 12148.61 0.043656

0.007154119 7.154119 4871.924 O.oI 005 10.05 9156.266 0.032903

0.0079 7.9 16116.75

0.00895 8.95 12148.61 . 278283.2 1

O.oI 005 . 10.05 9156.266
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Step: 3

f

~ ..

4 ..•. t,.-v

Bubble size d<dmin d>dmax d, dbi fbi ni2 Uti db; rb n, U, AvgUti ~ AvgU,

.d
m m m m m m m/s m m m/s m/s m/s

0.001 0.001 - - 0.001 0.0005 41840.78 0.040215 0.00465 0.002325 41625.8 0.06712 0.05204 0.07184

0.0025 0.0025 - - 0.0025 0.00125 58384.08 0.054581 0.00575 0.002875 29888.3 0.07204 0.05204 0.07184

0.00355 0.00355 - - 0.00355 0.001775 47467.67 0.061348 0.00685 0.003425 21654.8 0.07637 0.05204 0.07184

0.00465 0.00465 - -
0.00575 0.00575 - -
0.00685 0.00685 - -

0.0079 - - 0.0079
0.00895 - - 0.00895
0.01005 - - 0.01005

Collision
Collision Cross Sectional Turbulent Collision Rise Velocity Of Rate due To Equivalent' Coalescence Contact Coalescence

Area Rate Bubbles buoyancy Radius time time rate

s; Uri Ui fi" t, li; Tij

(ean-3.9) (egn-3.8) (egn-3.13) (egn-3.13) (egn-3.15) (egn-3.26) (egn-3.25) (egn-3.27) (egn-3.28)
,

m/s m/sm- m s s

2.5082E-05 3875.669 0.401459 0.237926 7143.809 0.000823 0.006363 0.022711 8326.949

5.34777E-05 8279.262 0.273606 0.23585 3523.345 0.001742 0.019601 0.037446 6992.725

8.49829E-05 7750.093 0.248142 0.238131 874.5062 0.002338 0.030471 0.045558 4418.431

nnew nD n"3 nnew v; V "new d
m] m] m' m

8326.949 33513.83 33298.88 8326.949 5.23333£-10 5.26184£-08 5.31417E-08 0.004665

6992.725 51391.35 22895.64 6992.725 8.17708£-09 9.94906E-08 1.07668£-07 0.005903

4418.431 43049.23 17236.43 4418.431 2.34133£-08 1.68209E-07 1.91623£-07 0.007154
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d n d (modified). n (modified) f

m mm m mm .

0.00100 1.00 33513.83 0.001 1 33513.83 0.129625

0.00250 2.50 51391.35 0.0025 2.5 . 51391.35 0.198771

0.00355 3.55 43049.23 0.00355 3.55 43049.23 0.166506

0.00465 4.65 33298.88 0.00465 4.65 41625.83 0.161

0.00575 5.75 22895.64 0.00575 5.75 . . 29888.37 0.115602

0.00685 6.85 17236.43 0.00685 6.85 21654.86 0.083757

0.00467 4.67 8326.949 0.00790 7.9 .. 16116.75 0.062336

0.00590 5.90 6992.725 0.00895 8.95 12148.61 0.046988

0.00715 7.15 4418.431 0.01005 10.05 9156.266 0.035415

0.00790 7.90 16116.75
0.00895 8.95 12148.61 258545.1 1

0.01005
.

10.05 9156.266

llA



Step: 4

Bubble size db<dmin db>dmax d dbi fbi Oj3 Uti dbi rb n3 Uti AvgUti AVgU'i

db
m m m m m m m/s m m m/s m/s m/s

0.001 0.001 - - 0.001 0.0005 33513.83 0.040215 0.00465 0.002325 41625.83 0.06712 0.05204 0.07184

0.0025 0.0025 - - 0.0025 0.00125 51391.35 0.054581 0.00575 0.002875 29888.37 0.07204 0.05204 0.07184

0.00355 0.00355 - - 0.00355 0.001775 43049.23 0.061348 0.00685 0.003425 21654.86 0.07637 0.05204 0.07184

0.00465 0.00465 - -
0.00575 0.00575 - -
0.00685 0.00685 - -
0.0079 - - 0.0079
0.00895 . - - 0.00895
0.01005 - - Om005

Collision Cross Turbulent Rise Velocity Of Collision Rate due To Equivalent Coalescence Contact Coalescence
Sectional Area Collision Rate Bubbles buoyancy Radius time time rate nnew

Si Uri I U, riO ti; li" Ti

(eqn-3.9) (eqn-3.8) (eqn-3.13) (eqn-3.15) (eqn-3.26) (eqn-3.25) (eqn-3.27) (eqn-3.28)
,

mls m/sm- m s s

2.5082E-05 3104.352 0.401459 0.237926 5722.083 0.000823 0.006363 0.022711 6669.76 6669.76
5.34777E-05 7287.646 0.273606 0.23585 3101.35 0.001742 0.019601 0.037446 6155.199 6155.199
8.49829E-05 7028.692 0.248142 0.238131 793.1045 0.002338 0.030471 0.045558 4007.15 4007.15

ni4 n, n new Vi V Vnew d
m' m' m3 m

26844.0 34956.0 6669.76 5.23333E-IO 5.26184E-08 5.31417E-08 0.004665
45236.1 23733.1 6155.19 8.17708E-09 9.94906E-08 1.07668E-07 0.005903

39042.0 17647.7 4007.15 2.34133E-08 1.68209E-07 1.91623E-07 0.007154

11 ~



d n d(modified) n(modified) Total f

m mm . m mm

0.001 1 26844.07 0.001 1 26844.07 241713 0.111058

0.0025 2.5 45236.15 0.0025 2.5 45236.15 241713 0.187148

0.00355 3.55 39042.08 0.00355 3.55 39042.08 241719 0.161522

0.00465 4.65 34956.07 0.00465 4.65 41625.83 241713 0.172212

0.00575 5.75 23733.17 0.00575 5.75 29888.37 241713 0.123652

0.00685 . 6.85 17647.71 0.00685 6.85 21654.86 241713 0.089589

0.004665365 4.665365 6669.76 0.0079 7.9 16116.75 241713 0.066677

0.005903401 5.90340.1 6155.199 0.00895 8.95 12148.61 241713 0.05026

0.007154119 7.154119 4007.15 0.01005 10.05 9156.266 241713 0.037881

0.0079 7.9 16116.75

0.00895 8.95 12148.61 1

. 0.01 005 10.05 9156.266

f',...>
••

,

He

•



Step: 5

Bubble size db<dmin db>dmax d," dbi fbi ni4 Uti db. rb n4 U, AvgUti AvgUti

db
m m m m m m m/s m m m/s m/s m/s

0.001 0.001 - - 0.001 0.0005 26844.07 0.040215 0.00465 0.002325 41625.83 0.06712 0.05204 0.07184

0.0025 . 0.0025 - - 0.0025 0.00125 45236.15 0.054581 0.00575 0.002875 29888.37 0.07204 0.05204 0.07184

0.00355 0.00355 - - 0.00355 0.001775 39042.08 0.061348 0.00685 0.003425 21654.86 0.07637 0.05204 0.07184

0.00465 0.00465 - -
0.00575 0.00575 - -
0.00685 0.00685 - -
0.0079 - - 0.0079
0.00895 - - 0.00895
0.01005 - - 0.01005

Collision
Cross Turbulent Collision

Sectional Collision Rate due To Equivalent Coalescence
Area Rate Rise Velocity Of Bubbles buoyancy Radius time Contact time Coalescence rate n[new]

Si Uri T U, Tj" ti" Ti" Ti;
(eqn-3.9) (eqn-3.8) (eon-3.13) (eqn-3.15) (eon-3.26) (eqn-3.25) (eqn-3.27) (eqn-3.28)

m2 m/s m/s m s , s
.

2.5082E-05 2486.539 0.401459 0.237926 4583.301 0.000823 0.006363 0.022711 5342.377 5342.377

5.347E-05 6414.796 0.273606 0.23585 2729.898 0.001742 0.019601 0.037446 5417.984 5417.984

8.498E-05 6374.44 0.248142 0.238131 719.28 0.002338 0.030471 0.045558 3634.153 3634.153

ni5 n"S nnew Vi Vi Vnew d
m" m' m' m

21501.69 36283.46 5342.377 5.23333E-IO 5.26184E-08 5.31417E-08 0.004665

45236.15 29888.37 5417.984 8.17708E-09 9.94906E-08 1.07668E-07 0.005903

39042.08 18020.7 3634.153 2.34133E-08 1.68209E-07 1.9 I623E-07 0.007154
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d " d, . ", Total f
m mm m mm

0.001 1 21501.69 0.001 I 21501.69 241788.6 0.088928

0.0025 2.5 45236.15 0.0025 2.5 45236.15 241788.6 0.18709

0.00355 3.55 39042.08 0.00355 3.55 39042.08 241788.6 0.161472

0.00465 4.65 36283.46 0.00465 4.65 41625.83 241788.6 0.172158

0.00575 5.75 29888.37 0.00575 5.75 35306.35 241788.6 0.146022

0.00685 6.85 18020.7 0.00685 6.85 21654.86 241788.6 0.089561

0.004665365 4.665365 5342.377 0.0079 7.9 16116.75 241788.6 0.066656

0.005903401 5.903401 5417.984 0.00895 8.95 12148.61 241788.6 0.050245

0.007154119 7.154119 3634.153 0.01005 10.05 9156.266 241788.6 0.037869

0.0079 7.9 16116.75
0.00895 8.95 12148.61 1

0.01005 10.05 9156.266
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PERCENTAGE OF ERROR FOR GAS VELOCITY 5.2 cm/s
• ~

",

I 028 I 1079 I I I, 851.37I"0.355" 85J.O') I ') ).).) , J' .'.VJ

1 4.57 I 0.190 I 0.87 I I 4.57 1 0.] 6 0.731 I I I
1 5.11 I 0.145 I 0.74 I I 5.1\ 1 0] 3 0.665 I I

I
5.56 I 0.015 008 I I 5.56 I 005 0.278 I I
5.94 I 0.013 0.08 I I 5.94 I 003 0.178 I I

I 6.28 I 0.012 0.08 I I 6.28 I 0.02 0.126 1 I I
I 6.59 I 0.011 0.07 I I 6.59 I 0.01 0.066 T I I

Equilibrium bubble Equilibrium bubble Percentage

size Predicted size Predicted Average of Error

by Model !i'equency Average bubble size by Prince & Blanch frequency bubble size
f f(I'&8) d", (I'&B) ~

doe dcaxf d?vl!= L dcaxf d," (1'&8) d, x1{P&B) L d, xf(P&B)

mm mm mm mm

I 2.67 I 0.759 0.69 I 3.98 I 7.67 I 0.32 I 0.855 I 3.978 t
0.0183414 I

PERCENTA<iE OF ERROR FOR GAS VELOCITY 1.13 cm/s

Equilibrium bubble Equilibrium bubble Percentage

size Predicted size Predicted Average bubble .of Error
by Model frequency Average bubble size by Collela & et. a!. frequency size

f f (C&et.al.) d", (C&et.al.)~
d, de xf dava= L dcax f d" (C&et.al.) d,oxf(C&et.al.) L d"xf(C&et.al.)
mm mm mm mm
I

.

0.090 0.09 4.34 I 0.12 0.12 3.7125 16.981113

2.5 0.200 0.50 2.5 0.28 0.7
3.55 0.160 0.57 . 3.55 0.23 . 0.8165
4.65 0.160 0.74 4.65 0.17 0.7905
5.75 0.110 0.63 5.75 0.12 0.69
6.85 0.120 0.82 6.85 0.05 0.3425
7.9 0.100 0.79 7.9 0.02 0.158

7.9761905 0.020 0.16 8.95 0.01 0.04475
8.95 0.003 0.03 10.05 0.01 0.05025
10.05 0.001 0.01

]]9
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.,.

PERCENTAGE OF ERROR FOR GAS VELOCITY 0.59 em/s

Percentage
of Error

Equilibrium bubble
size Predicted A vcragc bubble

frequency A vcrage bubble size by Collela & et. al. frequency size
f f (C&el.al.) do,g (C&el.al.)~

de<' I d"xf do." ~ 2: d"xf dec (C&"t.al.) decxf(C&et.al.) 2: d"xf(C&et.al.)

mm I 1 I 111m I 111111 I I I 111m I I
J I' 0.08 I 0.08 I 4.43 I 1 I 0.14 I 0.14 I 4.09 I 8.312

2.5 I 0.18 I 0.45 I 1 2.5 I 0.21 I 0525 I I I
3.55 1 016 I 0.56 I I 3.55 10.18 I 0639 I I I

Equilibrium bubble
size Predicted
hy Model

0.7905O. J 74.650.790.174.65,....,--' v., , v. , .~ ,.~~ v •• , v •• ~ V~

5.75 I 0.14 080 I I 5.75 I 0.15 I 0.8625 I I I
6.85 I 0.08 0.54 I I 6.85 0.09 0.6165 I I
7.9 I 0.06 0.47 I I 7.9 0.03 0.237 I

8.95 I 0.05 0.44 I I 8.95 0.02 0.179 I
10.05 I 0.03 0.30 I I 10.05 0.01 0.1005 I

120


	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130

