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ABSTRACT

The hydrodynamic phenomena occurring inside the enclosed downcomer
section of a plunging jet bubble column are described in this study.

The gas entrainment rate for a plunging liquid jet was found to consist
of two components, namely the gas trapped within the effective jet
diameter at the point of impact, and the gas contained within the film
between the jet and induction trumpet surface at the point of rupture.
Entrainment within the effective jet diameter has been examined by
McCarthy (1972). 1In this study, a model has been developed to predict
the rate of fiimwise entrainment. The model was supported by the
experimental results, provided the film attained a region of constant
thickness. When the induction trumpet was ruptured prior to a constant
film thickness being reached, the measured rate of filmwise entrainment
was higher than the prediction,

Filmwise entrainment was found to be initiated once a critical velocity
along the surface of the induction trumpet was reached. The critical
velocity was a function only of the liquid physical properties and was
independent of the jet conditions and downcomer diameter. The velocity
of the free surface of the induction trumpet was obtained from the
velocity profile for the recirculating eddy generated by the confined

plunging Tiquid jet.

The jet angle used to describes the expansion of the submerged jet inside
the downcomer was predicted from the radial diffusion of jet momentum
into the recirculating eddy. The model was able to predict the jet angle
when it was assumed that the radial diffusion of jet momentum was a
function of the Euler number based on the jet velocity and absolute

pressure in the headspace at the top of the downcomer.

The model was also developed to predict the maximum stable bubble
diameter generated within the submerged jet volume, where the energy
dissipation attributed to bubble breakup was given by the energy mixing
loss derived for the throat section of a ligquid-jet-gas-pump. Good
agreement was found between the measured and predicted maximum bubble
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diameter values. The average experimental Sauter mean/maximum diameter

ratio was found to be 0.61, which was similar to that for other bubble

generation devices.

it was found that for turbulent liquid conditions in the uniform two-
phase flow region, a transition from bubbly to churn-turbulent flow
occurred at a gas void fraction of approximately 0.2 when the gas drift-
flux was zero. Under laminar liquid flow, this transition took place at
a gas void fraction above 0.3,

For the bubbly flow regime the Distribution parameter Ceo used by Zuber
and Findlay (1965) to describe the velocity and gas void fraction
profile, was found to be a function of the liquid Reynolids number. For
laminar 1igquid flow, values of Co greater than unity were obtained. As
the 1iquid Reynolds number was increased it was found that Ce decreased,
until a constant value of unity was obtained for fully turbulent flow.

For the churn-turbulent regime it was found that the gas veoid fraction
measurements for all of the experimental runs could be collapsed onto a
single curve when a modified gas void fraction was plotted against the
gas-to-liquid volumetric flow ratio. The modified gas void fraction
tncluded a correction factor to account for the difference in the bubble
s1ip velocity between the experimental runs. The experimental results
also indicated that the value of the constant in the gas void fraction

correction factor was different for laminar and turbulent flow.

Prior to bubble coalescence, it was found that the experimental drift-
flux curves could be predicted from the measured bubble diameter, using
the separated flow model developed by Ishii and Zuber (1979). After the
onset of coalescence the drift flux measurements departed from the
original drift-flux curves at a rate which increased linearly with
increasing gas void fraction. It was found that the slope of the line
fitted to the coalesced region of the drift-flux curves increased with
increasing liguid Reynolds number and reached a constant value under
fully turbulent flow conditions.

The model developed, together with the implications of the experimental
results, are discussed with regard to optimising the design of an
industrial plunging jet bubble column.
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NOMENCLATURE

Area, (m?)

Cross-sectional area ratio, (Asj/Ac)
Distributicn parameter defined by (6.16)
Diameter, (m)

Dispersion coefficient, (mis-1)
Diameter, (m)

Energy dissipation rate, (kgm2s-3)
Energy dissipation, (kgm?s-2)
Force, (kgms-2)

Friction factor

Circulation strength, (s-1)
Acceleration due to gravity, (ms-2)

Total volumetric flux, (ms-1)

volumetric flux (or superficial velocity),

Frictional loss coefficient

Length, (m)

Momentum, (kgms=1)

Number

Pressure, (kgms~2)

Volumetric flowrate, (m¥s-1)

Radius, (m)

Radial co-ordinate, (m)

Surface roughness (defined in Figure 4.4),

Film thickness, (m)

Film thickness in constant film thickness region,

Time, (s)

Volume, (m3)

{ms=1)

(m)

1X



v Voltage, (volts)

Voo Linear velocity, (ms-1)

W Mass flowrate, (kgs-1)

y Length from column wall, (m)
2 Axial length, (m)

GREEK SYMBOLS

Submerged jet angle, (degrees)

Y Axis ratic, (length of maximum axis/length of minimum axis)
5] Dirac delta function

€ Gas void fraction

i) Energy transfer efficiency, (defined in 5.47)

8 Nczzle contraction angle, (degrees)

X Film thickness ratic, (defined in 4.32)

Absolute viscosity, (Pa-s)

v Kinematic viscosity, (m2s-%)
Q Packing parameter, (used in 6.50)
Density, (kgm=3)
o Surface tension, (Nm-1)
T Shear stress, (kgm-1s5-2)
o] Angle of inclination from horizental plane, (deagrees)
v Stream function
w Shear rate. (s 1)
SUPERSCRIPTS
x Dimensionless quantity

Drift gquantity



X1

SUBSCRIPTS

B Boundary laver

b Bubble

c Column

d Droplet

e Recirculating eddy
F Film

f Froth

G Gas

I Entrained gas component inside effective Jjet diameter
i Interface

J Jet

L Liquid

M Moiecular

MZ Mixing zone

m Mean

N Nozzle

o Orifice

p Pipe

r Radial

S slip

s Specific

T Turbulent

') Volume-surface, or Sauter mean
W Wall

z Axial



DIMENSIONLESS NUMBERS

We

Re

Ca

NH

Cr

Fr

New

Weber number,

Reynolds number,

Capillary number,

Hill number,

Crayer-Curtet number,

Froude number,

Euler number,

X111



Chapter 1

INTRODUCTION

1.1 BACKGROUND TO THE STUDY

This study has developed from research into methods of improving the
recovery of fine material in the flotation industry. Ahmed (1983) found
the recovery of particies with a diameter range of 4 um to 40 Um was
increased fifty fold when the bubble diameter was reduced from 650 um to
715 pm. This result showed that fine particles were best recovered by
using small bubbles.

Allum and Jameson (1984) surveyed the range of bubble sizes produced in
flotation circuits operating throughout Australia. They found the mean
bubble diameter was approximately 500 um which gave low recoveries for
the fine particles. The resuits of the survey highiighted the inability
of the existing mechanically agitated flotation cells to produce the
small bubbles necessary for the efficient recovery of fine particles.
For this reason a totally different flotation device was considered. The
device considered was a bubble column, chosen because more effective
means than mechanical stirring could be utilised for fine bubble
production. An additional advantage of bubble columns over the
conventional flotation cell was they did not require a mechanical
agitator to suspend the solids.

Most bubble columns operate countercurrently with the gas entering the
base of the column through a sparger where bubbles are formed. The
bubbles then rise inside the column and contact the downflowing liquid
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stream. The contact area between the two phases is determined by the gas
flowrate and the bubble diameter with smaller bubbles beneficially
producing a greater surface area per unit volume. With countercurrent
flows, however, the operation is restricted to a minimum bubble size
Timited by the superficial velocity of the downflowing liquid and the
rise velocity of the bubbte.

An alternative bubble column design has both the gas and liquid entering
at the top of the column. The liquid is introduced as & high velocity
Jjet which entrains gas from the head-space at the top of the column. The
entrained gas is then broken into very fine bubbles by the shearing
forces generated by the jet plunging into the receiving liquid. The gas
and 1iquid then flow cocurrently down the column where they are
discharged at the bottom. The major advantage of this method over
countercurrent bubble column operation is the elimination of the minimum
bubble size constraint, thereby increasing the potential for producing
greater interfacial areas. Also, the mixing ability of the jet is more
efficient than for sparger systems. This is reflected by significantly
lower residence times for the jet system and consequently, much smaller
equipment is needed, which represents a substantial saving in capital
investment.

The plunging jet bubble column used in this study had the downcomer
closed to the atmosphere which resulted in a reduction in pressure in the
vicinity of the plunging jet. The reduction in pressure inside the
downcomer caused it to fill with a dense froth as shown in Figure 1.1.

At low rates of air injection to the top of the column, the level of
froth is sustained just below the level of the nozzle, as shown in Figure
1.1(a). As the gas rate is increased the gas void fraction of the froth
also increases. However, as the gas supply is increased a point is
reached where thz jet can no longer entrain all of the gas. The build-up
of gas in the top of the column increases the local pressure in the head-
space, which results in a drop in the froth level inside the column and a
subsequent increase in the length of the free jet. The entrainment
ability of the plunging jet is directly related to the free jet length
and a new equilibrium froth height is reached, as shown in Figure 1.1(b).



The new froth height marks the position where the jet can effectively
entrain all of the gas entering the top of the column. Because the gas
entrainment rate increases with free jet length, the froth is able to
stabilise at any level in the downcomer. However, at high gas rates the

froth does eventually collapse to the base of the downcomer, as shown in
Figure 1.1(c).

Liquid
in
Enclicsed
Induced — L~ column p—
gas
-
Low 1 .
Free jet
pressure
region
Spreading

e

Dense froth

Liquid

(a) (b) (c)

Figure 1.1 Downcomer section of a plunging jet bubble column



The design of bubble columns to date has been primarily empirical
(Herbrechtsmeier et al, 1985; Clark and Flemmer, 1985; Reilly et al,
1986; Guy et al, 1986; Dobby et al, 1986; Otake et al, 1981) relying
heavily on experimental data for the scale-up of equipment. The
hydrodynamic models’ which have been developed to predict the gas void
fraction and velocity profiles inside the bubble column have been
restricted to conventional systems where the gas flow is vertically
upwards. No atteniion has been given to the situation where both the gas
and tiquid phases flow cocurrently downwards inside the column.

The bubble formation process inside the bubble column is another
important aspect which has not been considered to date. Most models have
assumed a particular bubble profile and have 1imited their analysis to
the homogenecus two-phase flow region. They have not considered the
interaction which takes place between the bubble generation region and
the two-phase flow region.

The aim of this study is firstly, to investigate the bubble generation
mechanism for the plunging ligquid jet bubble column and secondly, to
determine the hydrodynamic interactions which take place, in order to be
able to predict the overall behaviour of the column.

Even though the idea of a plunging jet bubble column was first developed
to improve the recovery of fine material in the flotation process, the
method has a wide range of applications in the gas-liquid contacting
field. It is hoped that the knowledge gained in this study will lead to
a clearer understanding of the basi¢ mechanisms present and the effect of
the operating parameters on the column performance which will lead to a
greater utilisation of the device.

'Chapter 2 contains a review of the main classes of hydrodynamic

models which have been developed for conventional countercurrent bubble
column operation.



1.2 DEFINITION OF PROBLEM

In order to develop a hydrodynamic model for the plunging jet bubble
column, the processes taking place must first be defined. Ogawa (1982)
described two distinct flow regions which interact with each other to
determine the overall hydrodynamics of the bubbie column. The first flow
region is the bubble production zone where the liquid jet plunges into
the column and expands until it strikes the wall of the column. It is in
this region the shearing forces are at a maximum and the bubble size is
determined. Below the region of jet influence is the uniform two-phase
2one where there is a net movement of gas and liquid in a downward
direction. Barnea (1987) has shown that the type of flow in this region
can be either bubbly, churn-turbulent or slug flow, depending on the
superficial gas and liquid velocities and the bubble diameter inside the

column,

The type of two-phase flow is very important for bubble column operation.
Bubbly flow is most desirable because it produces the greatest surface
area for a given gas to liquid ratic and it alsc provides for stable
bubble column operation. With churn-turbulent and slug flow, larger
bubbles with rise velocities greater than the net downward motion are
able to return to the top of the column and be re-entrained by the jet.
The recirculation of gas inside the column reduces the operating range of
the gas-to-liquid volumetric flow ratio and it also leads to instability
and eventual collapse of the column of froth inside the downcomer.

The hydrodynamic model for downcomer section of the plunging jet bubble
column therefore should be able to predict:-

The quantity of gas which can be entrained initially for a given
plunging liquid jet system,

The size and shearing strength of the submerged region which is
created by the plunging jet once it enters the receiving liquid
inside the downcomer. From this knowledge the bubble diameter can be
calculated.



The type of flow which is produced in the uniform two-phase flow
region. This is a function of the gas and 1iquid rates and also the
bubble size produced by the forces associated with the plunging jet.

The quantity of gas which is recirculated within the downcomer and
its effect on the stability of the column of froth.

The model should be able to predict the effects of variables such as jet
and column diameter, jet velocity, and liquid physical properties on the
operation of the plunging jet bubble coiumn.

1.3 RESEARCH PROGRAMME

The research programme was restricted to the hydrodynamic modelling of
the downcomer section of the plunging jet bubble column illustrated in
Figure 1.1. The work was carried out by firstly defining the zones
within the downhcomer which could be described as a single physical
process which was essentially independent of what takes place within the
remaining sections of the downcomer, The four separate zones inside the
downcomer were defined as shown in Figure 1.2.

In Figure 1.2, the "free jet”™ zone is where the 1liquid jet passes through
the gas space at the top of the downcomer prior to plunging into the
receiving liquid. The "plunging jet"” zone is defined as the region where
the free liquid jet plunges into the column of froth and entrained gas is
carried below the fiuid surface. The region around the plunging jet zone
is the "mixing” zone and includes the recirculating eddy and the
submerged jet as it expands to reach the wall of the downcomer., Inside
this zone there is 1intensive mixing and bubble generatijon takes place.
Finally, the "uniform two-phase flow"” zone is where the iiquid turbulence
is at a minimum and the bubbles and liquid travel downward as a uniform

two~-phase flow.

Once the different zones within the downcomer were defined, the
hydrodynamic behaviour within each zone was investigated, and parameters
such as the entrainment rate, bubble diameter and gas void fraction were

related to the physical properties of the system.
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Figure 1.2 Definition of hydrodynamic zones inside the downcomer

section of the plunging liquid jet bubble column



A flowsheet of the model developed to describe the hydrodynamic
characteristics for the downcomer section is given in Figure 1.3. The
four zones defined in Figure 1.2 are shown inside the boxes and the
parameters influencing the behaviour of the system are given inside the
circles. The parameters include:-

stability - which determines the characteristics of the free jet such
as the increase in its diameter with increasing jet length, or
whether the free surface of the jet is rough or smooth,

expansion - the expansion in the free jet diameter as it passes
through the head-space at the top of the downcomer determines the
area of impact between the plunging jet and the receiving liquid.

energy dissipation - determines the rate of radial transfer of jet
momentum and also the angle of spread for the submerged jet.

liquid circulation - a recirculating eddy is generated within the
receiving 1iquid by the action of the liquid jet plunging into a
confined volume.

gas entrainment ~ the interaction between the plunging Jjet and the
receiving liquid surface controls the rate of gas entrainment.

volume -~ the volume of the mixing zone determines the energy
dissipation rate per unit volume for the submerged jet.

gas/1iquid ratio - determines the density of the two-phase mixture
inside the recirculating eddy which influences the expansion of the
submerged jet.

bubble diameter - the size of bubbles produced in the mixing zone is a
function of the energy dissipation rate per unit volume.

s1ip velocity - the slip velocity between the bubbles and the
downflowing liquid determine the gas void fraction inside the
downcomer.

flow regime - determines whether the flow is bubbly or churn turbulent.
The type of flow has a major influence on the stability of operation.

void fraction - influences the rate of bubble coalescence and the
transition from bubbly to churn-turbulent flow.

gas recirculation - reduces the entrainment capacity of the plunging
Jet which can Tead to the collapse of the column of froth.
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Figure 1.3 Schematic of hydrodynamic model developed for downcomer
section of plunging Tiquid jet bubble column
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1.4 FORMAT OF THE THESIS

The different designs and operating principles of bubble columns are
presented in Chapter 2, which also includes a review of the hydrodynamic
models used to describe liquid circulation and gas void fraction inside
bubble columns.

Chapter 3 contains a description of materials used, the experimental
apparatus and the procedures implemented in undertaking this study.

In Chapter 4 a theoretical model is derived to predict the quantity of
gas entrained by the jet as it plunges into the froth at the top of the
downcomer section of the bubble column. Predictions from the mode} are
compared with experimental results.

An analysis of the submerged jet or mixing zone at the top of the
downcomer is presented in Chapter 5, which includes the derivation of a
mode] used to predict the expansion of a submerged jet inside a confined
region. The energy dissipation rate within the mixing zone is calculated
and used to predict the resultant bubble diameter. The results from the
model are compared with experimental bubble diameter measurements.

In Chapter 6 the experimental values of the gas void fraction, bubble
diameter and flow type for the uniform two-phase flow zone are compared
with predictions from two-phase flow theory. The quantity of gas which
returns to the mixing zone as a resuit of the net upward motion of
bubbles is also calculated.

In Chapter 7 the interactions taking place between the processes
occurring in the downcomer of the plunging jet bubble column are
discussed. Attention is given to the overall stability of the froth
column and also the effect of gas recirculation on the quantity of gas
which can be introduced to the top of the column.

The conclusions drawn from this study and recommendations for further
work are presented in Chapter 8.
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Chapter 2

BUBBLE COLUMNS: THEIR DESIGN
AND HYDRODYNAMIC MODELLING

2.1 INTRODUCTION

A number of different methods have been developed to contact gas and
liquid phases in the process industry. The method used depends on
whether the liquid or the gas is required to form the continuous phase.
For systems where the gas needs to be dispersed as bubbles in the 1iquid
phase either a mechanically stirred vessel, loop reactor or bubble column
can be used.

The effectiveness of any gas-liguid contacting process is measured by the
amount of interfacial area which is generated within the reactor for a
given_power input per unit volume. The interfacial area is determined by
the size and number of the bubbles present which are also ¢losely related
to the gas void fraction of the system which is equal to the ratio of the
volume occupied by the gas phase to the entire volume of the system,

This chapter describes the different types of gas~liquid contacting
devices which are available, with emphasis placed on bubble columns, A
review of the hydrodynamic models developed to predict the gas void
fraction for bubble columns is also oresented.
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2.2 TYPES OF GAS-LIQUID CONTACTING DEVICES

Gas-liquid contacting devices may be classified into three main groups
depending upon the distribution of the gas and liguid phases. The
different groups are:-

1. Liquid is present as discrete drops which are distributed within a
continuous gas phase. Examples of this system are spray towers
and atomiser units,

2. Both the 1iquid and gas are present as separate continuous phases
with a single contact boundary surface. An example of this system
is a falling fiim reactor.

3. The gas is dispersed as bubbles within a continuous 1iquid phase.
Examples of these systems are mechanically aerated reactor vesels
such as flotation cells, air-1ift reactors and bubble columns.

In this chapter only those devices which operate with the gas dispersed
as bubbles within a continuous liquid phase are considered.

2.3 MECHANICALLY AGITATED REACTOR VESSELS

In mechanically agitated gas-liquid reactor vessels the gas is usually
tntroduced through a sparger or distributor at the bottom of the vessel.
The gas is then broken up and dispersed as fine bubbles by the shearing
force and pumping action of the rotating impeller. The pumping action of
the impeller uniformly distributes the gas phase throughout the vessel
and it also ensures the suspension of soiid particles in three-phase
systems. For a comprehensive review of mechanically agitated gas-liquid
reactors see Joshi et al (1982).

A variation of this type of reactor vessel uses a self-inducing impeller
which requires no sparger and draws a continuous supply of gas from the
surrounding atmosphere. The hollow shaft of the seif-inducing impeller
allows gas to be drawn into the low pressure region behind the back of
the rotating blades which then breaks up the gas into fine bubbles,



2.4 REACTOR VESSELS WITHOUT MECHANICAL AGITATORS

Gas-Tiquid contacting devices which are not equipped with mechanical
agitators for the production and dispersion of bubbles can be classified

generally as either loop reactors or bubble columns.

differences between these two devices are illustrated

- ()

*tj
O 0
o0

O
poA

00O o 0Q,°
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C)o o0 c)o Qo000

The basic design

in Figure 2.1.

G
s

(a)

Figure 2.1. Schematic of (a) loop reactor and (b)

(b)

bubble column
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The Toop reactor consists of two connected vertical legs which allow both
the gas and liquid to circulate within the reactor. The bubble column

consists of a single vertical leg where gas-liquid cont

act occurs. In

addition to the basic design difference just mentioned between bubble

columns and loop reactors, there are also operational d

ifferences, such
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as the use of different rates of aeration and superficial gas and liquid
velocities. These differences in operation are discussed in detail by
Weiland and Onken (1981).

2.5 BUBBLE COLUMNS
2.5.1 Reactor Design

In a typical bubble column operation the gas is introduced through a
distributor in the base of the column which is usually a porous sparger
or perforated plate. The bubbles which are generated by the distributor
then rise to the top of the column where they can disengage from the
Viguid and be removed from the system. The driving forces which are
utilised in the operation of a bubble column are gravity, which causes
the Tiquid to fall from the top of the column and exit through the outlet
at the bottom, and buoyancy, which is associated with the bubbles and
forces them to rise inside the column. The net result of these twa
forces 1s a countercurrent flow of gas and liguid inside the bubble
column. (Shah et al, 1982; walter and Blanch, 1983; Buchholz et al, 1983;
Hikita et al, 1980; Yianatos et al, 1¢85; Iodogawa et al, 1986).

In addition to the conventional countercurrent flow bubble column design
a number of different designs are shown in Figure 2.2. In the downflow
bubble column, gas is injected into the top, usually through a porous
sparger, and the bubbies produced are transported in a downward direction
by the moving liquid. The gas and liguid are then separated in a
disengagement zone at the base of the column (Herbrechtsmeier et al,
1981: Friedal et al, 1980; Herbrechtsmeier and Schifer, 1982),

In the jet ejector bubble column both gas and liquid enter the bottom of
the column through a jet ejector device. The high shearing forces
present within the ejector produce very small bubbles which rise to the
top of the column where they are removed from the system. A constant
liquid level is maintained inside the column by an overflow weir situated
at the top of the column (Nishikawa et al, 1976; Weisweiler and Rosch,
1978; Otake et al, 1981; Weisweiler et al, 1982; Ogawa et al, 1982),
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As shown in Figure 2.2(c), in the plunging jet bubble column a liquid jet
piunges through a gas cavity at the top of the column. The jet entrains
gas which forms very small bubbles that travel in a downward direction
with the quuidﬂ At the base of the column is a disengagement zone which
allows the gas to be separated from the liquid phase. The advantage of
this method is that gas compression is unnecessary because the gas is
naturally entrained into the column due to the low pressure created by
the 1iquid jet (van de Donk, 1979; Ohkawa et al, 1985a, 1985b, 1986,
1987; Bando et al, 1988; Evans and Jameson, 1988).

2.5.2 Hydrodynamic models

An important parameter in the operation of a bubble column is the gas
void fraction, €, which is defined as the ratio of the volume occupied by
the gas to the total volume of the system. In most situations where
bubble columns are used it is desirable to maximise the gas void fraction
and for this reason hydrodynamic models have been developed in order to
predict the gas void fraction as a function of the physical properties of

the system.

The hydrodynamic models which have been developed to describe the flow
inside a bubble column can be classified as either “single mixture”,
"separated flow", “"circulating flow" or empirical. 1In single mixture
models the two phases are treated as a single homogeneous pseudofluid
with average properties, With these models only four equations are
required to define the system, namely, the equations of continuity,
momentum, and energy for the mixture, and the equation of continuity for
one of the phases.

In separated flow models both phases are considered separately and their
interaction at the interfacial boundary is described by use of
constitutive equations. These models require the equations of
continuity, momentum, and energy to be determined for both phases in
order to describe the properties of the mixture. Consequently, separated
flow models are considerably more complicated than the single mixture
models but they do have the advantage of being able to describe non-
equilibrium conditions within the system.



Both the single mixture models and the separated flow models apply
generally to two-phase plug flow and a detailed analysis of the
theoretical development of these two types of models is giQen in
Chapter 6 of this study.

Diagram removed for
copyright reasons

Figure 2.3 Two—-dimensional "gulf stream“ flow insida a bubble
column described by Freedman and Davidson (1969)
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A major factor which influences the performance of a bubble column is the
amount of recirculation of the gas and liquid phases. Circulating flow
models take into consideration the recirculation of the liquid phase
caused by the uneven distribution of the gas phase due to bubbles rising
along preferential paths inside the column. 1In these regions, liquid is
entrained in the wakes of the rising bubbles, causing the establishment
of one or more eddies which recycle the liquid inside the column. The
size and strength of the recirculating eddies has a significant effect on
the gas void fraction and operating range of the bubble column.

Freedman and Davidson (1969) modelled the liquid circulation strength
caused by the "gulf-stream” effect created by bubbles rising inside a
two-dimensional bubble column. They assumed that for low gas rates the
1iquid was circulated within a double vortex in the manner shown in
Figure 2.3. By applying a pressure balance across the system they were
able to determine the circulation strength of the vortex from inviscid
flow theory, and from this information they calculated the mean gas void
fraction inside the bubble column.

Rietema and Ottengraph (1970) examined liguid circulation for laminar
flow of a highly viscous liquid inside a c¢ylindrical bubble column. They
based their prediction on the principle of minimum energy dissipation
which states that for viscous systems, where inertia terms can be
neglected, the steady state velocity field corresponds to a minimum
viscous dissipation of energy. From this principle they applied a
pressure balance across the column to predict the velocity field. liauid
circulation and gas void fraction profiles inside the column.

Wijffels and Rietema (1972a, 1972b) modelled the circulatory behaviour
observed in spray columns based on the assumption that there was a
droplet free layer near the wall of the column and a homogeneous core of
turbulent dispersion in the centre. Unlike Rietema and Ottengraph
(1970), they found that axisymmetric circulation in the form of a double
vortex was the dominant mode of motion inside the spray column. Wijffels
and Rietema (1972a) calculated the dispersed liquid void fraction by
carrying out a pressure balance across the column in a manner similar to
Rietema and Ottengraph (1970).
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whalley and Davidson (1974) extenced the work of Freedman and Davidson
(1969) by deriving the inviscid flow model for the liquid circuiation
insidé a three-dimensional axisymmetrical bubble column. In their
analysis they applied an energy balance instead of a pressure balance
across the column, arguing that this methed gave greater insight into the
forces acting within the system. The energy input associated with the
gas phase was equated to the energy dissipation in the wake behind the
rising bubbtes and also in the hydraulic jump associated with the surface
of the "qulf stream” illustrated in Figure 2.3. From the enargy balance
whalley and Davidson calculated the circulation strength of the formed
vortex to obtain a value for the mean gas void fraction.

Hills (1974) presented a theory of circulation based on the momentum
transfer inside a bubble column. HKis model assumed that the driving
force for ¢irculation was the radial variation in the gas void fraction
which was opposed by the radial dispersion of the liquid phase. A force
balance applied to an annular element within the column gave the result

S (R*Sf dUL*>~R* ! .‘ﬁ) - RA(1-€) = 0 (2.1)
aR* dR¥ €9 dz ?

where R¥ is the dimensionless radius based on the radius of the column,
i.e. R?==F/Rc. In (2.1) dPﬁdz is the axial pressure gradient inside the
bubble column, and UI_"‘ and 92* are the dimensionless linear liguid
velocity and dimensionless radial dispersion coefficient respectively,
based on the linear liquid ve1ocity,'UL, and liquid radial dispersion
coeffic1ent,§3k, i.e.

A

Vo= Y : (2.2)
{z
(ch)
oy = O (2.3)

(Pc?ﬂ:>UL
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Hills measured the radial variation in the gas void fraction, and by
using reported values for the local radial dispersion coefficient, he was
able to determine the radial velocity profile from (2.1). His predicted
values agreed reasonably well with the experimental results.

Josh1 and Sharma (1979) noted that the energy balance method proposed by
Whalley and Davidson (1974) gave much higher predicted circulation
velocities than were measured experimentally. From this observation
Joshi and Sharma concluded there were additional mechanisms for energy
dissipation not already considered by Whalley and Davidson in their
single circulating eddy model. They calculated the value of the
circulation strength, S, as a function of the ratio of the column height
to column diameter as shown in Figure 2.4 and found the circulation
strength was a minimum when the length of the bubble column Lc‘was equal
to the bubble column diameter EE.

Diagram removed for
copyright reasons

Figure 2.4 Effect of bubble column height to diameter ratio on 1iquid
recirculating strength calculated by Joshi and Sharma (1979)
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Joshi and Sharma combined the results from Figure 2.4 with the eariier
finding of Whalley and Davidson (1974) that the number of circulation
cells in the axial direction resulted in a minimum vorticity value, to
conclude the circulation consisted of a number of vortices in series with
the axial length of each circulation cell being equal to the column
diameter. This model is shown graphically in Figure 2.5,

Diagram removed for
copyright reasons

Figure 2.5 Multiple circulation cell model for the bubble
column proposed by Joshi and Sharma (1979)
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Joshi and Sharma (1979) found that for a vertical bubble column, the
axial component of the local linear liguid velocity U (z) is given by

12
2 2]
v () = 26 {ﬂ‘i/*(r) Cos(ﬁz*).} +{_2__1d‘l’* Sm(UZ"D%J . (2.4)
D

Lk, D [V LR <R* dR* J

where L, is the distance between the column axis and the point of maximum
vorticity. In (2.4) k, is a constant with units of wf4, and 2¥ is the
dimensionless length based on the column length. Also in (2.4) l.2 is the
clear liquid height and G is the circulation strength whose value is
determined by applying an energy balance across the column diameter. The
dimensionless radial stream function ¥ '(r)is defined as

V*) = W R (2.5)

\'/hmx

where W(r) is the radial stream function and Yiex is the maximum value of
the radial stream function, 1i.e.

/3
Yax = —%{GDC(.E‘&(VQ&)} . (2.6)

In (2.6) 4 is the gas volumetric flux and CUE)a= is the velocity of a
single bubble rising in a guiescent liquid.

Joshi and Sharma also found the mean recircutation velocity inside the

eddy, W), , by integrating across the downward velocity path of a
circulation cell, i.e.

1/3
. (2.7)

62, = 2{ 9% (s~ ¢w).)]
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They also determined <Ué>n« was given by

.

(@), = Jdet €)s (2.8)
¢ (%)

The average gas void fraction was found implicitly by solving (2.7) and
(2.8) simultaneously.

Diagram removed for
copyright reasons

Figure 2.6 Liquid flow profile inside a bubble column
proposed by Ueyama and Miyauchi (1979)
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The liguid circutation inside a bubble column has also been analysed by
Ueyama and Miyauchi (1979). They assumed the radial velocity profile
shown in Figure 2.6, in which the liquid flow in the central region of
the column is fully turbulent and directed upwards. Outside this region
the direction of flow is reversed with a transition from turbulent to
laminar flow taking place near the wall of the coiumn.

Ueyama and Miyauchi neglected the laminar sublayer and proceeded to solve
the time averaged equation of motion, i.e.

- d (r‘T‘) = dPo + (1—é>.3L;3 R (2.9)
rodr

where £, is the the axial static pressure component; T is the shear
stress and is equal to

“ (o7 Y e S @.10

r

In (2.10) Hnis the molecular kinematic viscosity and is negligible
compared with the turbulent kinematic viscosity, Y., which is given by

(2.29). Assuming L is constant across the column, and the radial gas
void fraction &€{r) is given by

€r) = n+2{1—-(52*)n] . (2.11)
€m n

where €., is the mean gas void fraction and n is an exponent whose value

can be taken as equal to 2 (Kato et al, 1875), Uevama and Miyauchi solved
(2.9) using the following boundary conditions:-

(i) dvi = O (ot r=0)
dr

.
>
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iz
() | = —H-(:,3<_"1w_) (ot r=Re)
. o
where | | indicates an absolute value and T 1s the shear stress in the

1iquid at the wall of the column. The solution to (2.9) gave

wlP) + | 1R :{1_(Qk)17r?‘ , (2.12)
'UI.CO>"' ’TL(QC)( ]

where

we) +-!"U‘L(Q¢)] = _C_ﬁié_m_ . (2.13)
2V,
and from Shyu and Miyauchi (1971)
&2 2R
[VL(RD| = 122 (o) (0) 0", (2.14)

Sekizawa et al (1983) extended the analysis presented by Ueyama and
Miyauchi (1979) by defining the apparent bubble slip-velocity é%Qb for
circulatory turbulent flow, 1i.e.

(Vs), = 26 — 1Jt-€ . (2.15)
o - M

where j_ is the liquid volumetric flux. Seikizawa et al used the model
developed by Ueyama and Miyauchi (1979), to calculate the mean slip
velocity (V) i.e.

(Us>m = ('L%-L:-LDM + O+bis _I_E%_ (a Dc>l/l . (2.16)
T Em
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In (2.16)'UG and u_are the velocities for the gas and liquid phases
respectively; (U -y ),. is the mean relative velocity between the gas and
liquid phases and was found experimentally to be described by

-

Q-4+ 55 . 74
('Ué,"UL)m = S7'l2‘5<€m> (I—AFT‘:'-'*: 0'0194',.11.}! ) (2.17)

where the positive sign refers to Ju > 0, and the negative sign refers to
Ju< 0. In (2.17) Ac is the free area fraction of the gas distributor.

Sekizawa et al (1983) solved (2.15)-(2.17) to determine the mean gas void
fraction for the bubble column.

Viswanathan and Subba Rac (1983) applied inviscid flow theory to obtain
an analytical solution for calculating the Tiguid circulation and radiatl
velocity profile inside a cylindrical bubble column. They found the mean
radial profile of the axial Tiquid velocity @JQLW was given by

L 4 6
(W), = —_"5-1‘(' { 14+ 06R*)" - 3:32(R)" - 0-52(R¥) } . (2.18)

c

where I¢, is a constant and 1s given by

- (2.19)

k, = d,L (Ub)w{ al, g

}l/dz
In this expression L is either the diameter or length of column,
whichever is the smaller, and d,, d, and dj are constants? for the
system.

?See Viswanathan and Subba Rao (1983) for numerical values of d, ,
d,, and 4g,.
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In contrast to the numerical methods applied earlier by Whalley and
Davidson (1974), Clark et al (1987)3 modelled the turbulent liquid
circulation inside bubble columns by relating the radial variation of the
axial liquid velocity to the shear stress developed within the liquid
phase. They calculated the shear stress using the expression

TG = T, 1+ g{(’m@c)'em(ﬂ}% R™ (2.20)
2T,

where T(r) is the radial variation of the axial shear stress and p,.(R¢)
is the mean density of the mixture across the column: gw&r)is the average
density within a central cylinder of radius, r, such that

R

em(R) = __'_g 2Molr)r dr (2.21)

TRZ
o

From Schlichting (1968) the axial shear stress is given by

d
dr

T(r) = —QMCF){Ur)] ZEE (2.22)

dr

where L(r) is equal to the mixing length for flow through a pipe having a
diameter equal to . Clark et al equated (2.20) and (2.22) and
integrated the result to obtain an expression for the radial profile of
the 11gquid axial velocity, i.e.

0 \ ya
) = g | {t_}/l Tw(l + 9{M)} Qc)’ai dr, (2,23)
! -L(r) Qm(r-) ZTW

YW

where v, is some finite distance from the wall where the liquid velocity

3Equations 2.20 - 2.23 have been corrected for errors contained
in the original reference.
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is taken as zero., For a smooth-walled vessel Y is approximately equal
to

Iz
Vi = OtlIML Pr.)’ . (2.24)
g Tl

In order to obtain a liquid velocity profile from (2.23) Clark et al
assumed a void fraction and density distribution, and a mixing length

equal to that for single phase flow through a pipe which is given by
Nikuradse# as

L) = 0d - 008 (R - o'oe(r{*)&‘. (2.25)

Re

Using the results from (2.23) and (2.24) equation (2.23) was solved
numerically to obtain the axial velocity profile across the bubble
column.

Wachi et al (1387) modelled the turbulent Tiquid circulation inside a
bubble column with a continuous Tiquid feed by extending the anaiysis of
Ueyama and Miyauchi (1979). From the time-average equation of motion
Wachi et al (1987) obtained the axial pressure gradient, i.e.

- dPe = -2Tw + (~ém)pLg s (2.26)
dz Rc

where the shear stress at the wall is given by

vilRe)

T, = 2 (R . (2.27)

(1ne3)*

Wachi et al eliminated the pressure gradient term from (2.26) and
integrated the result to obtain the local ligquid velocity, i.e.

‘see Schlichting (1968), P. 588.
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. 27 v , 1?_?'
v = TwRe {l—(Q")} + an“{l—(Q‘)j + v (), (2.28)
2V2 QL %)Ll-

where the turbulent kinematic viscosity is approximateiy given by
. 8 04k7 15
Vo = 00345 (jo) (D), (2.29)

The tinear liquid velocity at the wall of the column is approximately
equal to

3R T - Tk [a-sc]
=€ I’?-(’D)T | = €pm
__gﬁ%m{z—shﬂ}. (2.30)
4831 b= &m

The mean gas void fraction was then obtained from a mass balance for the
gas phase. 1i.e.

R
TR = ) 2Triu (R + &), L elr) dr (2.31)
P’ "c Js Cs L b

o

where (Us), is the slip velocity of the bubble relative to the Tiguid
phase. Equation (2.31) was integrated to give the following correlation
containing the mean void fraction:

Js = ’I‘ch{ ' 7l+ chzeM§ ' }
éh'\ '2?Lv-l' l“em 43})-1- |—'€m
LT S Cr) T (2.32)
=& nn :

where values of (i), could be obtained experimentally or from the
correlation proposed by Sekizawa et al (1983), which is given by (2.16).
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Figure 2.7 Effect of superficial liquid velocity on the mean
gas void fraction (after Wachi et al, 1987)

" Figure 2.7 shows the comparison between the experimentally measured mean
gas void fraction values and those predicted by (2.32). The theoretical
calculation gives slightly larger values at higher liguid flowrates, and
slightly smaller values at lower liquid flowrates. The theoretica) curve
does show, however, good agfeement over a wide range of liquid flowrates.
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Chapter 3

EXPERIMENTAL EQUIPMENT
AND PROCEDURE

This chapter outlines the experimental programme carried out to study the
hydrodynamic characteristics of the downcomer section of the plunging
liguid jet bubble column. The equipment and materials used are described
including the experimental procedures adopted.

3.1 EXPERIMENTAL PROGRAMME

The experimental programme was divided into the following two major

sections:~

Section 1 involved measuring the expansion of the free liquid jet as it
passed through the gas phase at the top of the column prior to it
plunging inte the liquid phase. These measurements were necessary in
order to be able to quantify the entrainment rates for the plunging jet.
Appendix 2 contains the experimental results for the free jet study.

Section 2 of the experimental programme involved monitoring the
hydrodyramic response of the plunging jet bubble column for a range of
conditions. The variables which were measured included the gas
entrainment rate for the plunging jet, free jet length, gas void
fraction, and the bubble size.
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Table 3.1 contains a list of the variables and their range of valuss used

in this study. A summary of the experimental conditions for all runs is
contained in Appendix 1.

TABLE 3.1 Variables studied and their ranga of values

Variable Range

Nozzle Diameter 2.38 - T7.12 mm
Velocity 7.80 - 15,00 m/s

Column Diameter 44,20 - 95,40 mm
Length 1.00 m

Liguid Surface Tension 48 - 62 mN/m
Viscosity 0.85 - 2.85 mPa-s
Density 780 - 1114 kg/m3

3.2 MATERIALS
3.2.1 Frother

The frother Teric 407 produced by Imperial Chemical Industries (ICI) was
used throughout the experimental programme to controil the surface tension
of the liquid. The standard liquid was tap water which was chosen in
preference to distilled water because of the large volumes required for
each experimental run (150 Jitres). A Tisting of the physical properties
of Teric 407 is given in Table 3.2.
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TABLE 3.2 Physical propertias of Teric 407

Chemical composition Polyoxypropylene glycol ether
Average molecular weight 280
Active content (X "/w min) 99%
Freezing point =200 C
Flash point 2100 C
Specific gravity (25°C) 0.936
Viscosity (25°C) 25 cP
Solubility - water 32 g/litre
- kerosene infinite

The addition of Teric 407 to tap water had a neglibible effect on the
viscosity and density of the solution. 1In figure 3.1 the effect of
frother concentration on the surface tension is given where the surface
tension was measured using the du Noy ring method. Concentrations of 10,
150 and 1000 ppm Teric 407 were used to vary the surface tension over the
range 48 - 62 mN/m which represented a realistic surface tension range
encountered in most bubble column operations,

3.2.2 Aqueous sucrose solution

Aqueous sucrose solutions were used to vary the viscosity of the liquid.
Two sucrose solutions were used and these were 16X and 28% by weight
sucrose. Table 3.3 contains a list of the physical properties of these
two solutions. The surface tension of each was adjusted to 62 mN/m by
the addition of Teric 407.
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Figure 3.1 Effect of Teric 407 concentration
on surface tension of tap water

3.2.3 Kerosene

Kerosene was used in a limited number of experimental Runs as an
alternative to water-based solutions. The kerosene was difficult to work
with as it caused the acrylic column to become brittle and fracture after
a period of time, The kerosene also attacked the rubber seals inside the
pump and the silicone rubber seals on the column itself. The physical
properties of kerosene are listed in Table 3.3.
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TABLE 3.3 Physical properties of aqueous sucrose
solutions and kerosene used in the study

Liquid Viscosity Density Surface Tension
(cP) (kg/m?) {mN/m)

16 wiX Sucrose 1.653 1064 62

28 wt¥% Sucrose 2.854 1114 62

Kerosene 2.12 784 24

3.3 EQUIPMENT
32.3.1 Apparatus

A general layout of the experimental apparatus s given in Figure 3.2.
It consisted of a vertically positioned perspex column with its base
extending 25 mm below the surface of a constant level bath. The top of
the column was sealed from the atmosphere allowing air to pass into the
column only through an inlet at the top. The air flowrate into the
column was measured using a network of calibrated rotameters.

The jet nozzle shown in Figure 3.2 was fixed at the top of the column so
that the 1iquid stream was directed along the vertical axis of the column
and plunged into the constant level bath below. The overflow from the
constant level bath was collected in a much larger vessel from which a

Mono pump was used to pump liquid through a rotameter and back to the
nozzle.

The fiow through the nozzle was coarsely adjusted by changing the pulley
diameter on the drive shaft for the pump. Fine adjustments were made
using the control valve on the by-pass lipe from the pump outlet and back
into the reservoir. A Mono pump was used because it provided a constant
flowrate over a wide range of operating pressures without causing
excessive heating of the liquid. The liquid temperature remained

essentially constant for each experimental run.
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Figure 3.2 General arrangement of the experimental apparatus
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The main 1imitation associated with using a Mono pump (or any other pump)
is that only jets with rough surface characteristics can be achieved.

The reason for this is the pump generates disturbances within the liquid
flow field which are amplified on the jet surface after it leaves the
nozzle. For this study a pump delivery system was suitable because it
was appropriate to use only rough jets. If smooth jets were required, a
pressurised delivery system such as that used by McCarthy (1972) would be
needed. The limitation of using a pressurised delivery system is that it
1s essentially a batch process and thus requires an extremely large
holding vessel in order to maintain jet operation for sufficient time to
allow the bubble column to reach equilibrium.

The jet flowrate was measured using a rotameter which was experimentaliy
calibrated for each liquid. A flexible high pressure hose connected the
rotameter to a 600 mm length of 12 mm inside diameter stainless steel
delivery tube located at the top of the column., Inside the tube a 20 mm
tength of thin aluminium strip was inserted just above the nozzle
assembly 1n order to reduce the amount of rotation within the liguid.
The delivery tube was held in place at the top of the column by two
sliding supports which allowed the nozzle to be moved into position at
the zero mark at the top of the column. When the nozzle was in the
correct position the assembly was fixed in place by tightening the
mounting nut which forced the "0’ ring hard against the delivery tube and
thus creating an air-tight seal.

The nozzle assembly was fixed onto the end of the delivery tube which
allowed different nozzles to be used, The nozzle could be changed simply
by unscrewing the holding nut and removing the nozzle which fitted neatly
inside the delivery tube. The new nozzle could then be fitted into the
end of the delivery tube and fixed into position by screwing down the
holding nut,
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3.3.2 Nozzle Design

The design which was used for all nozzles is shown in Figure 3.3. Each
nozzle was constructed of brass and consisted of a tapered machined
entrance section which fitted neatly inside the nozzle delivery tube
giving a smooth transition. The tapered entrance led to the throat of

the nozzle which consisted of a straight length of precision-bore brass
tubing.

Most® of the experiments performed in this study examined only the
influence of the nozzle diameter on the behaviour of the bubble column.
The nozzles used all had the same throat length to diameter ratio and

were designed® such that a fully turbulent velocity profile was developed
in the throat of the nozzle.

The length necessary to ensure fully developed turbulent flow inside the
throat of the nozzle was calculated from the entry length formula given
by Latzko (1921),

Iy = o.ees(ReN)"'” . (3.1)
Dn

where the Reynolds Number, Re, , is based on the liquid physical
properties, nozzle diameter and the 1iquid velocity through the nozzle.

SAppendix 2 contains tne results of a range of experiments where the
throat length of the nozzle was varied to check the assumption that
entrainment was maximised for fully developed flow conditions inside the
nozzle.

§ A fully developed turbulent velocity profile within the throat of
the nozzle was chosen as a design criterion because it has been proposed
that this condition maximised entrainment (McCarthy, 1972). He suggested
the increased rate of entrainment was due to the relaxation of the
velocity profile within the jet which takes place once the constraint of
the nozzle is remcved. The velocity relaxation results in a lateral
movement of liquid which continues past the original boundary of the jet,

resulting in a highly irregular or rough surface which increases the
entrainment characteristics of the jet.
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Table 3.4 contains the characteristic dimensions for the three nozzles
used in the gas entrainment experiments performed in this study.

TABLE 3.4 Nozzle Dimensions

Nozzle Diameter Throat Length! Contraction Angie
No. {mm) (mm) (deg)

1 2.38 35.5 82

2 4.76 78 103

3 7.12 124 67

'The throat length was calculated from (3.1) with a liquid velocity of
nominally 40 m/s.

3.3.3 Column Design

The experimental apparatus was designed to allow different diameter
columns to be bolted onto the lower section of the bubble column. Three
columns were used in the study and their inside diameter measurements
were 44, 74 and 95 mm respectively. A1l three columns were identical in
design and were constructed from clear perspex and consisted of a flanged
section at the top which bolted onto the lower part of the chamber at the
top of the bubble column, Below the flange was a straight Tength of
clear perspex tube of length 1040 mm. Along the wall of the tube were 21
pressure tappings evenly spaced at 50 mm intervals. The pressure
tappings started 15 mm below the flange and continued down the side of
the column for a length of 1000 mm. The top pressure tapping was set as
the zero mark for the bubble column and the tip of the nozzle was
positioned level to this point. The bottom tapping was then fixed at a
position level with the surface of the liquid in the constant leve) tank,
leaving the base of the column 25 mm below the liquid surface in the
censtant level tank.
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For a number of experimental runs, vertical baffles were installed inside
the column to reduce the amount of swirl generated by the plunging jet.
For these runs three radial baffles were fitted equidistantly around the
inside perimeter and ran down the entire length of the column. The width
of each baffle was equal to one third of the column diameter.

3.3.4 Pressure Sensing Equipment

The pressure tappings located down the side of the bubble column were
connected to a dual manifold arrangement as shown in Figure 3.4. Each
manifold was constructed from a 150 mm length of 50 mm diameter clear
perspex rod which had a 12 mm diameter hole bored along the entire length
of its vertical axis. A stop-cock was tapped into the top of each
manifold which could be used to remove air trapped inside the system.
Clear perspex was chosen for the manifold material because it allowed any
gas cavities to be easily detected. The manifolds were also designed to
minimise the liquid volume in the system in order to decrease the
response time of the system.

The pressure tappings from the column were connected to stop-cocks which
were tapped into the side of each manifold. The tappings were connected
so that each alternative tapping was connected to the same manifold which
allowed differential pressure readings to be made at 50 mm intervals
along the entire length of the column.

l'wo-way valves were fitted to the bottom of each manifold and these were
connected to the top ports of the high and low pressure legs of a
Honeywell differential pressure transducer which had a variable
differential range of 1 - 400 inches water gauge pressure. The two-way
valves allowed the pressure pulse from the manifold to be transmitted to
the appropriate side of the pressure transmitter. The bottom ports of
the high- and low-pressure legs of the pressure transmitter were
connected to a head tank which was used to purge 1iguid through the
system to ensure the removal of any gas bujldup in the transmitter lines
priar to taking a pressure reading. Finally, the voltage output from the
pressure transmitter was converted to a pressure value using the
procedure outlined in Section 3.4.3.
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procedure outlined in Section 3.4.3.
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3.4 EXPERIMENTAL PROCEDURE

3.4.1 Jet diameter measurement

Photographs were taken of the free liguid jet in order to determine the
expansion in jet diameter. The moving jet was photographed under natural
lighting conditions using a Linhoff Polaroid camera fitted with a 156 mm
telephoto lens and an extension bellows. The aperture setting was 5.8
for all runs with a shutter speed of 1/60 second which gave a time-
average outline of the jet diameter. Agfa Type 55 positive-negative
polaroid instant film was chosen because it produced a negative, as well
as a positive image, which gave high quality 10" x 8" print enlargements.

From the 10" x 8" print enlargements jet diameter measurements were made
by placing the print onto a Summographics digitiser pad which was
interfaced to a microcomputer. The print was positioned on the digitiser
tablet so that the jet axis was aligned in the vertical direction. The
position of the tip of the nozzle was then recorded and used as & Zero
reference for the jet length measurements. The length scale was
determined by calibrating the digitiser pad using the graduated ruler
positioned to the side of the jet which also appeared on the print. Once
the jet axis of the print had been vertically aligned on the tablet and
the digitiser pad length scale calibrated, the diameter measurements were
made. A mouse was used to record the outer surface of one side of the
jet and the measurement was completed with the aid of an indicator on the
screen monitor which showed when the mouse was correctly pesitioned in
the horizontal plane on the other side of the jet. Diameter measurements
were taken at single nozzle-diameter length incremenis for each jet.
Appendix 2 contains a listing of the measured jet diameter readings.

Photographs of the free jet were also taken to examine the surface
structure of the jet. A black background was placed behind the jet and
the light source was a 10 ps duration flash which was mounted to the side
at 45° to the vertical focal plane of the Linhoff camera. A white
reflecting screen was placed on the opposite side of the camera to the
flash to obtain a more even 1ighting of the jet. The camera used was
again the Linhoff with the bellows extension and a 150 mm telephoto lens,
using an aperture setting of f5.6. The shutter speed was increased to

1/250 second and the photographs were taken in a darkened room to
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eliminate any influence of ambient light. It was found that the 10 us
flash was able to freeze the motion of the jet, which allowed qualitative
comments to be made about the characteristics of the jet surface.

3.4.2 Jet length measurement

The length of the free jet was measured starting from the tip of the
nozzle to the point where the jet penetrated the froth. The penetration
point was determined to be at the interface between the low and high
density froth phases at the top of the column. The position of this
interface was found? by shining a 1ight through the column which
highiighted the difference in the optical density between the two froth

phases.

3.4.3 Gas void fraction measurement

The gas void fraction & averaged over the entire height of the froth
inside the column was determined by measuring the froth height and the
suction at the top of the column once the system had reached equilibrium,
From these measurements the gas void fraction is given by

€ = Ly— L (3.2)
Le

where L; is the height of froth inside the column given by

L» = I_..C_' L—J' . (3-3)

’In a limited number of cases the interface was impossible to
distinguish and the jet length was measured from the tip of the nozzle to
the very top of the froth., This procedure was necessary for those Runs
where the superficial downward liquid velocity was significantly lower
than the rise velocity of the bubbles inside the column.
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In (3.3) L, is the height of the column measured from the tip of the
nozzle to the surface of the liquid in the constant level reservoiry L;
is thé length of the free jet measured using the procedure outlined in
Section 3.4.2,

In (3.2) L, is the length of the column of froth occupied by the liquid
phase and its value was calculated from a differential pressure reading
measured across the column using a monometer filled with water. The
expression for L_is given by

L, = AL{Q“-O] . (3.4)
5.

where QL 1is the differential pressure reading, in metres of water,
between the measured pressure &t the top of the column and the ambient
pressure, The ratio{phc/g} accounted for any density difference between
the water in the manometer and the test liguid inside the column.

The gas void fraction at different axial positions along the column of
froth was calculated from pressure readings obtained using the tappings
located along the wall of the column. The gas void fraction is given by

&(z) = _BL (3.5)

La- Ly
where L, and L, are the lengths from the tip of the nozzle to the nearest
and furthest pressure tappings respectively. In (3.5) AL 1is the
equivalent heigth of water for the differential pressure between two
tappings and was calculated using the expression

ik

oL = {‘:_m_f_.':h«_"‘]v + (I-ZS‘LMn-o-zg me> . (3.6)

where v 1s the voitage output from the pressure transducer and the
constant 1.6 {(units of volts) is the transmitter output.
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In (3.6) L., and L, are the respective maximum and minimum values of
the range setting of the transducer measured in metres.

Equation (3.5) applies only to water systems where there is no detected
dynamic pressure drop associated with the ligquid flow. To include those
runs where the density of the liguid being used was different from that
of water, (3.5) was modified to become

¢(z) = _bL {Pmo} R (3.7)
Lz“Ll Qv

where AL was calculated from (3.6).

The effect of the 1iquid flow on the pressure reading was accounted for
by measuring the voltage output, v,, from the transducer when only liquid

was flowing down the column. The voltage component, v. , as a resuit of

b
the dynamic pressure drop due to the liquid flow is given by

Vp = Vo- 04 (3.8)

where the 0.4 vaiue corresponds to the zero pressure differential voltage
output from the transmitter. The value of V|, was subtracted from the
voitage reading when gas was present to obtain the differential pressurea
reading between the two tappings due to the gas void fraction alone, i.e.

(M)+OP = {l'—"l""—l-zl'ﬂTJ (v-w) + ("25 L pwin = 0725 Lm) .(3.9)

For cases when the froth level was between two pressure tappings, the gas
veid fraction was given by

é(z) = L|_"'(Lj"|_|)
L'Z_L'j

(3.10)

where L. is given by (3.4)
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3.4.4 Bubble diameter measurement

The bubble diameter distribution inside the column -was measured at
distances of 200 mm and 800 mm from the zero pressure tapping located at
the top of the column. These two locations were chosen as being
representative sample points to take bubble diameter measurements for the
"mixing zone" (200 mm Tocation), where the bubbles were being generated,
and the "uniform two-phase flow zone” (800 mm location), where the mean

bubble diameter was constant.

The arrangement for taking a sampie of the two-phase mixture from 1nside
the column is shown in Figure 3.5. The sample ports fitted into the side
of the column consisted of 3/8" plastic 'T’ fittings where the lower leg
was connected via a valve to a small centrifugal pump and the upper leg
was connected to the inlet at the base of the flow-through optical cell.
The outlet at the top of the cell was then connected to a liquid-jet
ejector pump. '

Details of the flow-through optical cell are given in Figure 3.6. The
cell consisted of a rectangular metal body which housed two paraliel
glass optical windows spaced 2 mm apart. A 2 mm grid was attached to the
inside surface of the rear window which provided a calibration scale for
the bubble diameter measurements. The scale also acted as a focussing
object when setting up the camera.

The bubble photographs were taken using the same camera assembly which
was used for the jet photography. The shutter speed was set at 1/250
second with an aperture setting of f5.6. Backtighting to the flow-
through cell was provided by an Olympus flash unit operating at a power
ratio of 1/128. Tracing paper was used to cover the fiash to provide a
more even background 1ighting for the bubble photographs.

The procedure for taking a bubble photograph involved starting the
ejector pump which sucked froth from inside the coiumn through the
optical cell. The centrifugal pump was then switched on and the 1iquid
flowrate through the cell was adjusted using the throttling valve on the
pump outlet until a steady stream of discrete bubbles with a minimum
amount of overlap passed through the photographic frame. When this was
achieved the photograph was taken.
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The equatorial bubble diameter was obtained by enlarging the Polaroid
negative onto a 10" x 8" print. The diameters of the bubbles appearing
in theiphotograph were measured with the aid of the Summographics
digitiser pad which was interfaced to a microcomputer, The digitiser pad
was first calibrated using the scale which appeared on the print and then
the bubble diameters for at least 250 bubbles were recorded for each run.
The arithmetic and Sauter mean diameters for the bubble distribution were
also calculated.
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Chapter 4

ENTRAINMENT BY
A PLUNGING LIQUID JET

4.1 INTRODUCTION

In this chapter the entrainment mechanisms for a vertical plunging liguid
Jjet are investigated. A survey of earlier entrainment models is given
for systems where the jet plunges through an unconfined gas space and
into a receiving vessel where the ratio of the jet diameter to vessel
diameter is very small. In these cases the receiving vessel diameter has

an insignificant?® influence on the entrainment rate.

A model is developed in this chapter which includes the effect of the
receiving vessel diameter on the entrainment mechanism. The model is
verified experimentally by measuring the entrainment rate for a iiguid
jet plunging through a confined gas space and into a receiving cotumn of
liguid where the diameter of the column was varied to determine its
influence on the entrainment rate for a range of jet velocity and

diameter values, and liquid physical properties.

5An exception is the case reported by McCarthy (1972) who observed
that even in a very large diameter receiving vessel localised vorticity
was generated which increased the entrainment rate by an order of
magnitude. This occurred when the vorticity was localised at the point
of impact of the jet with the bath.



52
4.2 LITERATURE REVIEW OF PLUNGING LIQUID JET SYSTEMS

Studies into plunging liquid jet systems can be broadly divided into
those which examine the mechanism by which entrainment is initiated, and
those which attempt to quantify the entrainment process once it has
commenced. The present study falls into the latter category, focussing
on the process of entrainment after it has been initjated, as distinct
from the mechanism of initiation itself. The conditions under which
entrainment will take place will not be dealt with in any detail in this
study; some major studies of the initiation of entrainment include

Lin (1963), Sheridan (1966), Perry (1967), McCarthy (1972),

Kilkinson (1975), Kennedy and Burley (1877), Bolton and Middleman (1980),
McKeogh and Irvine (1981), Scriven (1982}, Kumagai and Endoh (1983a),
Burley and Jolly (1984), Buoncpane et al (1986), Sene (1%88), Bin (1988).

The results reported by Sheridan (1966) and by McCarthy (1972) are of
particular interest to the present study. Sheridan proposed that
entrainment was initiated by an instability formed on the surface of the
meniscus at the point of contact between the jet and the receiving
liguid. The instability on the meniscus was caused by the downward force
exerted by the motion of the gaseous boundary layer being dragged along
by the free surface of the jet. He calculated the resultant meniscus
profile as a function of increasing jet velocity as shown in Figure 4.1,
and used the criterion that entrainment was initiated at a jet velocity
of 2.35 m/s when the meniscus profile contained a maximum. As can be
seen from Figure 4.1 Sheridan’s experimental results supported the
predicted value of 2.35 m/s as the diameter of the jet approached zero.
His results also showed that the entrainment velocity was a function of
the jet diameter which was not predicted by the theory.

The entrainment initfation results reported by Sheridan (1966) wers not
in agreement with the observations of McCarthy (1972). He produced very
smooth surface plunging jets and found that entrainment was not initiated
until jet velocities of the order of 6 m/s were reached.
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Figure 4.1 Variation of critical entrainment velocity
with jet diameter obsarved by Sheridan (1966)

The first significant study gquantifying the entrainment of a gaseous:
phase by a plunging liquid jet was carried out by Mertes (1938}, in his
batent application for a chemical reactor. The reactor consisted of a
plunging jet device with recycle of the jet liquid.  In his patent
application Mertes described the entrainment process as being a film of
gas which was formed in the region immediately adjacent to the liquid
jet. The gas film then travelled at the same velocity as the jet, and
after being brought below the surface of the receiving fluid, the gas
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film was sheared from the jet. The gas film was then distributed as
bubbles throughout the liguid.

Shirley (1950) measured air entrainment rates for inclined plunging water
jets for a range of jet diameter and velocity values. He found that the
entrainment rate could not be determined from the jet diameter and
velocity alone. Although not able to quantify his resuits, Shirley
reported that both the roughness of the free surface of the jet and also
the degree of turbulence present in the receiving fiuid had a marked
effect on the rate of entrainment.

Oyama, Takashima and Idemura (1953) examined the entrainment process for
turbulent water jet systems. They proposed that the roughness on the
surface of the jet caused gas to be entrained at a rate given by the

correiation
LR .33 2418 G218
Q = D-?S}_’“_fg_} . jDNU.J'PL} . { fad® } . {—LJ-} s (471
Q. gL, l He '(GPJMYR Du

where &; and Q, are the gas and liquid volumetric flowrates respectively;
Dn 18 the nozzle diameter and O and Lﬁ ara the velocity and free length
of the jet respectively. The liquid density, dynamic visceosity and
surface tension are given by RLs Mo and 6. Equation (4.1) represents the
first attempt to utilise dimensional analysis in order to correlate the

entrainment process.

Lin and Donnelly (1966) also appliied dimensional analysis to their
experimental results to obtain the incipient entrainment velocity for a
plunging jet. They found that the following relaticnship was valid for
viscous, laminar jets:

074
we = :o{ Re } - (4.2)
lI'\CIP shCl?

where lleincng and V“Einc?p are the Reynolds and Weber numbers for the
onset of entrainment based on the liquid physical properties, jet
velocity and jet diameter at the plunge point.
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Lin ana Donnelly (1966) were also the first workers to differentiate
between the entrainment mechanisms for laminar and turbulent jets.
Althdugh not able to quantify their resuits Lin and Donnelly were able to
describe qualitatively the entrainment process, They found that for
laminar jets entrainment was caused by the breakup of a thin film of gas
which was carried along by the free jet surface. The gas film extended
below the surface of the receiving liquid and broke up as a result of
oscillations generated at the base of the film. The oscillations were
created from instabilities associated with the jet after it had entered
the receiving 1iquid. For turbulent jets instabilities were created
within the jet as it passed through the gas phase. These instabilities
created disturbances on the free surface of the jet resulting in air
being mixed into the jet stream prior to it entering the receiving
liquid. No surrounding gas film extending below the surface of the
receiving Tiquid was observed for turbulent jets.

De Frate and Rush (1969) measured entrainment rates for turbulent water
jets with Reynolds numbers greater than 20,000. They concluded that
entrainment was caused by deformations on the surface of the jet and that
the entrainment ratio was given by

Qe = 0~ We . (4.3)
QL

The Weber number,Weé, in (4.3) is calculated using the liquid physical
properties, the jet velocity and the free jet length. From their
observations De Frate and Rush (1969) described three different
mechanisms of increasing entrainment. At low velocities the liguid jet
remained as a continuous liquid stream and entrainment occurred as
bubbles detached themselves from the base of the gas film extending below
the surface of the receiving liquid. This process of entrainment was
similar to the mechanism described by Lin and Donnelly (1966) for laminar
jets. When the velocity was increased the jet became sinuous and
eventually disintegrated into droplets at longer jet-lengths. Gas was
entrained below the receiving liquid surface due to gas being trapped
inside the cavities which were formed by the impact of the droplets. For
still higher velocities the amplitude of the sinuous motion of the jet

increased, creating a greater impact area between the jet and the
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receiving liquid surface. Entrainment was at a maximum under these
conditions. Although able to describe the three different mechanisms by
which entrainment could take place, De Frate ahd Rush were not able to
quantify the conditions where a transition between mechanisms occurred.

The first theoretical prediction for the entrainment rate was made by
Szekely (1969) who assumed the sntrainment rate was equivalent to the
quantity of gas contained within the gaseous film adjacent to the free
surface of the jet. Szekely used the boundary layer profile derived by
Glavert and Lighthill (1955) in order to calculate the mass flux of gas
in the boundary layer. The following equation results:

1z
Ws = 4op {3\)&4 + 1-73(1Li> } N (4.4)
Wy ou D* P6 V; i

where M@ and DJLare the mass flowrates of the gas and liquid phases
respectively and ), is the kinematic viscosity of the liquid phase. 1In
his analysis Szekely did not differentiate between laminar and turbulent
jets, or consider the effect of the disturbances present on the free
surface of the jet.

McCarthy (1972) examined plunging jet systems for a wide range of liquid
physical properties and nozzle designs. He found that for rough surface
jets the basic entrainment mechanism was due to the interaction between
the irregularities on the free surface of the jet and the surface of the
receiving liquid. As a result of this interaction cavities formed which
filled with gas and then dispersed as bubbles., McCarthy quantified the
entrainment process using the jet volumetric flowrate QL and the
effective jet diameter Q#z) for a vertical distance z from the nozzle,

i.e.

ra
Qo)1 = { DJ{Z)] -, (4.5)
QL N .

where @26)1 is the quantity of gas trapped within the boundary of the
jet, and the effective jet diameter is defined as shown in Figure 4.2.
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Figure 4.2 Effective jet diameter defined by McCarthy (1972)

McCarthy found the effective jet diameter was a function of the surface
roughness, which in turn was a function of the disturbances generated
within the liquid by the jet delivery system and also the nozzle design.
However, he was not able to predict values for the surfacs roughness, and

-relied on a photographic technique to measure the effective Jet diameter
as a function of the free jet length. .

McCarthy (1972) alsc observed for smooth-surface plunging jets of
moderate to high viscosity, a gas film formed around the free surface of
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the jet below the surface of the receiving liquid. He suggested
entrainment was due to the generation of instabilities on the annular
film surface resulting in the periodic dispersion of the gas film into
bubbles. McCarthy therefore concluded that the thickness of the gas
annulus was the most significant factor in determining the entrainment
rate.

McCarthy (1972) also mentioned a phenomenon which he described as "vortex
amplification™, which occurred when the point of impact of the plunging
Jet became the site of a free surface vortex. The free surface vortex
was the localisation of the energy which was transferred to the receiving
liguid by the jet as a result of momentum exchange. The centripetal
forces created by the free surface vortex caused the surface of the
annular gas film to expand resulting in an increase in the entrainment
rate,

Ciborowski and Bin (1972) presented an empirical correlation for the
entrainment ratio for a plunging liquid jet system:-

1°%
We = sxio™" DN+{Fr-J. - A,} L; ) , (4.6)
WL DN

where the Froude number Fr; is based on the liquid physical properties,
the jet velocity and the free jet length. The coefficient A, in (4.6) is
a function of liquid physical properties, the jet dismeter, and the free
Jet length. Ciborowski and Bin concluded that the jet velocity, or more
specifically, the kinetic energy associated with the jet, was the most
important parameter affecting the entrainment rate.

Yan de Sande (1974) and van de Sande and Smith (1973, 1976) observed
entrainment mechanisms for turbulent water jets. They made a distinction
between the mechanisms for those of low velocity ( V; < 5 m/s) and high
velocity ( v; >{u36/(pGQﬁ}ql) Jets. At low velocities van de Sande found
the entrainment rate was determined by the surface deformities on the jet
and also the physical properties of the receiving liguid.
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Figure 4.3 Theoretical relationship for the volume of gas contained
within the boundary layer being carried along by the
surface of the 1iquid jet (after van de Sande, 1974)

For high velocity jets van de Sande (1974) found the volumetric gas
entrainment rate was given by the combined total of the gas contained
inside the boundary layer (@z)g which was dragged along by the free
surface of the jet, together with the gas trapped inside the boundary of
the effective jet diameter Q¢ s i.e. ’

Qe = @, + (€e); - (4.7)
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In (4.7) (@), is calculated from (4.5) and the effective jet diameter is
given by van de Sande (1974) as

1o
D(z2) = o-125 { Rej Wea} . (4.8)
P

The Reynolds number in (4.8) is based on the 11quid physical properties,
the jet velocity and the free jet length, and the Weber number is based
on the gas physical properties, the jet velocity and the nozzle diameter.
Equation (4.8) was found to be valid for ( Rej we'B ) > 7 x 105,

Van de Sande (1974) calculated the volumetric flux of gas in the boundary
layer by assuming a laminar velocity profile suggested by Rotte (1969),
and integrating across its thickness. The graphical solution which gives
(Qe)s is presented in Figure 4.3.

Diagram removed for
copyright reasons

Figure 4.4 Surface disturbance defined by McKeogh and Irvine (1981)
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McKeogh and Irvine (1981) found that the turbulence level of the plunging
jet determined the mechanism for gas entrainment. For air/water systems
they found the air entrainment ratio was best described by the exoression

z 06
Q. - ..4{ 25 )"+ (s - o-|} , (4.9)
Q DN' DN

1

[

where S is equal to the magnitude of the surface disturbance on the free
surface of the jet as shown in Figure 4.4. Equation (4.9) included the
volume of gas which was trapped within the undulations on the free
surface of the jet and alsc that which was contained within the boundary
layer being carried along by the jet.

Kumagai and Endoh (1982, 1933a, 1883b) observed four distinct entrainment
regions for a plunging iiquid jet as shown in Figure 4.5, where (I) is
the initial entrainment region; (II}) is the Tow jet velocity region;
(II1) is the transition region; and (IV) is the high jet velocity region.
In Figure 4.5 p,, Pus and p;are the transition points and, unlike van de
Sande (1974), Kumagsai and Endoh found that the transition points were
functions of the kinematic 1iquid viscosity. They also found that the
entrainment rate was independent of the surface tension, which was in
contrast to all previous observations.
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Figure 4.5 Dpefinition of gas entrainment regions
described by Kumagai and Endoh (1983)

Thomas et al (1984) studied the mechanism whereby gas was entrained by
.sheet of liguid travelling down an inclinad surface and into a pool of
liquid as illustrated in Flgure 4.6. They found that gas bubbles were
entrained via a layer of foam on the free surface of the receiving
liquid. The bubbles were then transported in discrete clusters
travelling within the shear tayers between the submerged jet and the

a
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receiving liquid. Thomas et al attributed the clustering phenomena to
the bubbles becoming captured within the Targe eddies travelling along
the edge of the jet. No attempt was made to cuantify the entrainment

rate .

Diagram removed for
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Figure 4.6 Schematic showing air entrainment mechanism by
an inclined plunging liquid jet

Ohkawa et al (1986) carried out an extensive study of entrainment rates
for plunging jet systems which employed a downcomer arrangement as shown

in Figqure 4.7.
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Figure 4.7 Schematic of the downcomer arrangement
used by Ohkawa et al (1986)

64


hrl417
Diagram removed for copyright reasons


65

In Figure 4.7 the diameter of the downcomer was only an order of
magnitude larger than the jet diameter which was different from all
previous designs, where the dimensions of the receiving liquid vessel had
been increased as much as possible to reduce the influence of swirl
generated by the action of the plunging jet. The downcomer effectively
concentrated the swirl at the point of impact of the plunging jet which

resulted in higher rates of entrainment.

Sene (1988) studied planar and circular plunging jet systems for both low
( v; < 6 m/s) and high ( Y; > 10 m/s) velocity jets., He found for low
impact velocities the entrainment rate varied to the one third power of
the impact velocity, and depended strongly on the magnitude of the
disturbances on the free jet surface. The size of the disturbances were
limited by the diameter of the jet and also by the surface tension
effects resulting from the high curvature of small diameter ¢ircular
jets. Both of these effects acted to decrease the gas entrainment rate
when the jet diameter was less than a few centimetres.

For high velocity jets Sene found the gas was entrained in the form of a
continuous layer at the plunge point which supported tha idea of 3
boundary layer entrainment mechanism. He found for high impact
velocities the entrainment rate varied to the three halves power. Sene
also suggested that for high jet velocities the entrainment rate should
be independent of the surface tension. He commented, however, for jet
diameters less than a few centimetres the surface tension force may 1imit
the thickness of the gas boundary layer thus reducing the amount of
entrainment. The condition for which surface tension might limit the
rate of entrainment was given by Sene (1988) as

D; < cs . (4.10)
e.gLjsa®

where @ is the angle of inclination of the Jet from the horizontal
surface and L; is the length along the surface of the jet.
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Figure 4.8 Arrangement of entrainment guide
used by Funatsu et al (1988)

" Funatsu et al (1988) examined the entrainment characteristics for
plunging water jet systems for a range of jet velocities between 4.4 and
26.5 m/s. They installed an entrainment guide to their system by
allowing the plunging jet to pass through a length of vertical pipe which
extended below the receiving liquid surface as shown in Figure 4.8.
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The entrainment guide was thought to concentrate the energy dissipation
of the jet at the plunge point thereby reducing the amount of energy
required by the system to achieve a given gas entrainment rate.

Funatsu et al found the entrainment rate was a function of v%jqf+ayﬁ),
Lj, and Dy. No attempt was made to determine the influence of aitering
the entrainment guide geometry on the gas entrainment rate.

The studies outlined in this review have shown the entrainment mechanism
to be either discontinuous or continuous depending upon the velocity of
the jet. The jet velocity and, to a lesser extent, the nozzle geometry,
have been found to have a strong influence on the surface characteristics
of the jet. Generally it has been accepted that for a jet which has a
smooth free surface, entrainment occurs in the form of a gas boundary
Tayer which is dragged below the surface of the receiving liquid by the
free surface of the jet. For jets which have a rough free surface the
total entrainment rate is the sum of the gas contained within the
boundary layer plus the gas which is trapped inside the surface
irreguiarities of the jet. In most studies? the diameter of the
receiving vessel was made very large in order to eliminate any effect on
the entrainment rate due to energy buildup in the receiving lTiguid. WNo
attempt has been undertaken to understand the influence of the diameter
of the receiving vessel on the entrainment rate.

Before a model can be developed to include the effect of the receiving
vessel diameter on the entrainment rate for a plunging liguid jet, it is
necessary to present some basic concepts and principles describing the
hydredynamics of confined jets. These are presented in Section 4.3,

The exceptions are Ohkawa et al (1986) and Funatsu et al (1988)
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Figure 4.9 Circular confined jet issuing into a coaxial column
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4.3 MODELLING OF CONFINED JETS

The expansion of a confined jet is influenced by the interaction of the
fluid inside the jet with the body of fluid between the jet boundary and
the duct wall as illustrated in Figure 4.9. It can be seen from the
diagram the expansion of the confined jet can be classified into four
regions. These are:-

Region 1 - is where the potential core of the primary jet is completely
consumed as the secondary stream loses a portion of its flow to the
primary stream due to entrainment.

Region 2 - is where the secondary stream is completely consumed,

Region 3 - is where both positive and negative velocities (from left to
right and right to left) are observed. Some of the mean streamlines
take the form of a closed loop or “recirculating eddy” and the distance
between the points N and P in Figure 4.9 represents the length of the
recircuiating zone. The point C corresponds to the centre of the eddy
and is measured from the tip of the primary stream nozzle.

Region 4 - is the region of fully developed pipe Tiow.
For the jet system illustrated in Figure 4.9 the change in the total

volumetric flow in the axial direction is zero, i.e.

dQ = 0O . (4.11)
dz

where Q is the volumetric flow, and is given by

RC—
Q = { 2fra,(r) dr (4.12)

o

In which V,(r) is the linear velocity in the axial direction.



70

For the jet system shown in Figure 4.9 the change in the pressure plus
momentum integrai M, along the axial direction is also zero, i.e.

aMm = o (4.13)

z

If the pressure term in (4.13) is negligible, the momentum integral is
given by

Re 2
M = { mr{vzmﬁ p.cr (4.14)

(=]

When (4.12) and (4.14) are combined they form the dimensionless parameter
known as the Hill number NH » which is often used to characterise
confined jet systems and is defined by Rajaratnam (1976) as

N, ={ n J"'z & S (4.15)
W
2 Rc{m]
EéL

Curtet and Ricou (1964) suggested another dimensioniess variabile known as
the Crayer-Curtet number CT, which 1s related to the Hii1 number by the
expression

2 Nz
C. = 2Ny . (4.16)
1“ NHL

The significance of the Crayer-Curtet number becomes apparent when
analysing experimental observations. Barchilon and Curtet (1964) found
that the recirculating flow in Region 3 of Figure 4.9 was a function of
the Crayer-Curtet number. At low values of C; the recirculation was
high. The recirculation then decreased with increasing Cruntil a

critical Craver-Curtet number of 0.976 was reached, beyond which no
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recirculation was observed. Becker et al (1962) reported a value of 0.75
for the critical Crayer-Curtet number.

Barchilon and Curtet (1964) quantified the recirculation as a function of
Crayer-Curtet number as shown in Figure 4.10. It can be seen from the
graph that the ratio of the maximum recirculation fiowrate (@), ,, to the
valumetric flowrate of the primary jet Q, was found to be inversely
proportional to C%.

Diagram removed for
copyright reasons

Figure 4.10 Maximum recirculation flowrate as a function of
Crayer-Curtet number ( Barchilon and Curtet, 1964)
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Liu and Barkelew (1986) have aiso measured the recirculating flowrates
for confined jets and they found for (1/C;)> 2 the relationship

(Qe)max = 0.37 - Oes (4.17)
Q. C

correlated their results, which also corresponded to the actuall®
measurements made by Barchilon and Curtet (1964).

4.4 THECRETICAL DEVELOPMENT
4.4.1 General description of the entrainment model

The entrainment model which has been developed is based on the
assumption that the total rate of entrainment is equal to the sum of the
amount of gas GQG)I trapped within the boundary of the effective jet
diameter plus the amount of gas (Q)e contained within a thin gas film
adjacent to the jet free surface, i.e.

Q. = Q). + (@e)¢ (4.18)

where (Q.); 1is given by (4.5) and the effective jet diameter can be
found either by direct measurement or from (4.8).

The fi1lm component of the entrainment rate is a function of the velocity
profile of the gas inside the film. It is also a function of the film
thickness which 1s determined by the forces acting within the receiving
liquid at the plunge point of the jet. It is important to mention at
this stage that the quantity of gas inside the entrained film is not
equal to the volumetric flux of gas inside the boundary layer being
dragged along by the free jet surface. This point is 1llustrated in
Figure 4.11 where it can be seen that only part of the gas boundary layer

1%shown as closed circles in Figure 4.10
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contributes to the gas film and the rest of the gas in the boundary layer
travels radially out along the surface of the receiving liguid.

"

Gas boundary
layer i ——— Streamlines

|

— | _————=
|

trumpet ]
| f :

Stagnation point

Recircuiating
eddy ’

Entrained
gas film

(Ve )max '

-]
T T T T T I T

Laminar velocity
profile

Figure 4.1t Streamiines showing only a portion of the gas
boundary layer entrained by the plunging jet
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It can also be seen from Figure 4.11 the presence of a depression in the
free surface of the receiving liquid caused by the impact of the plunging
Jet. This depression is known as the “induction trumpet” and it is
through the induction trumpet that entrainment of the gas film occurs.
Below the free surface of the receiving liquid a recirculating eddy is
generated whose outer boundary follows the free surface profile of the
induction trumpet. The recirculating eddy is also bounded below the
receiving liquid surface by the submerged jet as it expands towards the
wall of the column as a result of the dissipation of the jet energy.

4.4,2 Calculation of the free-surface velocity of the
induction trumpet

In order to quantify the gas entrainment rate for the plunging liquid jet
the total volumetric flowrate inside the recirculating eddy is reguired.
The maximum volumetric flowrate inside the recirculating eddy 1is
calcutated from (4.17) where the Crayer-Curtet number for systems where
the secondary flow is zero is egual to

20

C. (4.19)

o {r- 4R )"

If the three dimensional recirculation eddy is considered to be a torus
whose inner radius is equal to the diameter of the jet at the plunge
point and the outer radius is equivalent to the diameter of the column,
the volumetric flowrate inside the recirculating eddy will also be given
by

R /=
(Qe)mox = an{%] f {U-P-(r)d'— ) (4.20)
°

where TIR. is the linear length of the cylinder which would be formed if
the torus was sliced in the radial direction and straightened out. The
integral term in (4.20) represents the two-dimensional flow rotating
within the radial cross-section of the eddy.
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The angular velocity,}, in the radial cross-section of tne eddy is
obtained from

_c_l_{_i_ g_(r‘u'e)} = 0 , (4.21)
de r dr

where it has been assumed the liquid recirculation in the radial plane of
the eddy has the same velocity profile as that for a free vortex. Upon
integration, (4.21) gives

d (rve)
roode ?

or

The boundary conditions for (4.21) are:-

(1) U =0 (ot r=o0) 3

G g = (Ve ) ma (of r=R) ,

where CUE)MQ, is the meximum value of the velocity component tangential

to the outer boundary of the recirculating eddy. Applying the boundary
conditions to (4.21) gives

Yp(r) = {Z_(Elm_m‘_J r (4.22)

Re



Substituting‘Ué from (4.22) into (4.20), the maximum recirculating flow
inside the recirculating eddy is given by

Re
T
(Qe)max = ZTTJ (Ue)mau- rdr *
o

which upon integration gives

(Ge)mae * ﬂ_q_%az. (Ve>mX 5 (4.23)
or
r = 4
Cbe}qu | TR* (Qe) may ® (4.24)

From (4.24) the recirculating eddy maximum velocity, which is equal to
the velocity of the free surface of the induction trumpet, can be found
once (Qe)mx'is calculated from (4.17).

4.4.3 cCaleulation of entrained film volumetric flux

The velocity profile of the gas fiim entrained by the Plunging jet is
found by applying a momentum balance over a volume of fiuig flowing
between two coaxial cylinders both of which are moving. The inside
cylinder is moving at the jet velocity ‘U3 and the outer c¢ylinder js
moving at a velocity equal to the tangentiajl velocity of the
recirculating eddy (\)pax, which is given by (4.24).
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An order of magnitude calculation shows the Reynolds number in the
gaseous film is of order 100. Hence by assuming the flow is laminar and
there is no radial velocity component, the velocity profile inside the
film is given by Bird et al (1960) as

da(r7,.) = {ﬁ_‘:’l ro, (4.25)
ar L

where Ty, is the axial component of the radial shear stress and AP is
the change in pressure over a length L, which is given by

)

AP 0.9 - (4.26)
L

Substituting (4.26) into (4.25), we have
A (rT) = egr , (4.27)
de

which on integration yields

rT, = 2977 + ¢, (4.28)

where C, is the constant of integration. Its value can be found by
applying Newton's Law of Viscosity to the gas film, i.e.

-‘(" = —-/,,l6 d‘U'z_ . (4-29)

rz
dr

where Mg 1S the gas absolute viscosity andcﬁg/dris the gradient of axial
velocity in the radial direction.



Combining (4.28) and (4.29) gives

(-/Aer)%i_z_ = p9r” + . (4.30)
- >

When (4.30) is integrated the axial velocity as a function of radial
position is obtained, i.e.

Bc(i)

2
»U-z(r) = -1 | pgr-+ Clnr 4+ C, . (4.31)
Fo | 4
BC (i)
The constants of integration C, and C, can be found by applying the
following boundary conditions to (4.31):-

(1) w(r) = v (ot r=R;) 3
(i1) Uz(r): (U-e>ma§< (ot r= KR}) .
in which

X = Ri+T. (4.32)

R;

18

where T is the thickness of the gas film once it has obtained a constant

thickness. The values for C, and C, are:-

c, = “rpc,{‘fr("'c)wx} + o q R (1-x*)
4{1&(%Rﬂ-—ln(Qj)}

.
e

C, = -MeV;- egR; - ¢ ()

4
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The volumetric flowrate inside the gas fiim is found by integrating the
velocity profile across the film thickness, i.e.

27 KR
(&) = f f V() dr d8 (4.33)
0 Rj

where \/; is given by (4.31). when the expression for Vz 15 substituted
into (4.33) then

XR;
(@) = ﬂ)f (egf+ () + Cz]rdr . (4.38)
He’ o i 4
J
Integrating (4.34) gives
- K.Rj
(QG)F s =20 e.q‘r‘*-r- Cl 2 =% + C, r" .
Mg b 2 4 2
R

and finally

-

(@g)e = -2UR) 2.aRi*(x*-)) + C, [x‘m(xrzp—mcszj)]
/UG |(:, 2

N [% - %._1] (x*%1) (4.35)

Equation (4.35) represents the volumetric rate of gas which is entrained
as a gas film adjacent to the free surface of the Jet at the point of
impact with the receiving liquid. The entrainment rate can be calculated
from (4.35) only if the film thickness and velocities of the jet and the
receiving liquid surface at the point of impact are known. The Jet
velocity is easily determined from the volumetric liquid flowrate and a
knowliedge of the effective jet diameter at the point of impact. The
receiving 1iquid surface velocity (Ué)ﬁax , 1s found from (4.24).
Therefore, the only unknown variable in (4.35) is the thickness of the
gas film.
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Figure 4,12 Induction trumpet profile
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4.4.4 Prediction of the gas film thickness

The gas film thickness TL can be predicted if the profile of the
induction trumpet is known. The resultant profile of the induction
trumpet, as illustrated in Figure 4,12, can be divided into three
distinct regions. These reqions are:-

Region 1 - is the region far from the surface of the receiving ligquid
where the film thickness becomes constant. Only the viscous and
gravity forces influence the film thickness in this region.

Region 2 ~ is the dynamic meniscus region where the film thickness
varies with height due to the influence of the viscous, gravity and
interfacial forces.

Region 3 ~ is the region close to the surface of the receiving liguid
where the liquid profile is influenced only by the interfacial forces.

If the gas flow inside the induction trumpet is in slow steady-state
motion, the simplified form of the Navier-Stokes equation feor thin-film
flow is given by Levich (1962) as

(6 ( Y, + g = 0, (4.36)
PL e/ gL?

where T is the film thickness at a vertical depth of z from the receiving
Tiquid surface. Equation (4.36) applies to all regions within the fiim,
and Spiers et al (1974) have solved (4.36) for the film of tiquid which
adheres to a wire while it is being withdrawn vertically from a bath of
liquid. For this case, their solution to (4.36) for the constant
thickness region of the adhered film is

. 3 e
™ = 3’}5 -F(Ca)T”){l—(T“)l}L/ ca " . - (4.37)
2|l

where 4@2§T”) is a function and is found by numerical integration,
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In (4.37) 7%is the dimensionless film thickness and is given by

Iz
T* - Tc{ ehg} . (4.38)

JURYN

where 'ﬁais the constant film thickness and +J,is the withdrawal velocity
of the wire. The Capillary number .Ca in (4.37) is given by

Ca = P.Vw . (4.39)

Even though equations (4.37) - (4.39) have been derived for the
withdrawing wire case, it may be possible to apply them directly to the
constant film thickness region of the induction trumpet by direct
substitution of the buoyancy force in place of the gravity component in
(4.36). If the velocity of the free surface of the induction trumpet is
used instead of U,, then (4.38) and (4.39) become

T =Tc{ 0.9 }'lz , (4.40)

Mo (Ve ) max

and

(Ca) = _P(Vedmax (4.41)
trumpet 5

Equations (4.40) and (4.41) have been derived assuming the liquid is
continuous. However, if gas bubbles are present near the induction
trumpet surface then this assumption is no longer valid and the mixture
viscosity would be higher than H_ . To overcome this departure from the
ideal case the mixture viscosity M, has been used in (4.40) and (4.41).
Note also that (4.37) applies only to the constant film thickness region.
If the film is ruptured prior to attaining this condition, the film
thickness will always be greater than 7; as indicated in Figure 4.12.
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4.5 EXPERIMENTAL DESCRIPTION

The apparatus used to determine the gas entrainment rate for a plunging
jet system is shown in Figure 3.2. and the range of variables studied is

summarised in Table 3.1.

The experimental procedure involved selecting a gas flowrate into the top
of the column for a given set of jet operating conditions. Once the
column had reached equilibrium operation the free jet length was measured
in accordance with Section 3.4.2. This procedure was repeated for a
number of different gas flowrates for the same jet system in order to
produce a profile of the gas entrainment rate as a function of the free
jet length. 1In addition, the jet diameter was measured as a function of
free jet length for the liquid jets used in the entrainment studies.

4.6 RESULTS AND DISCUSSION

A summary of the conditions for each of the experimental runs is
contained in Appendix 1. The experimental values for the gas entrainment
rate and free jet length are also contained in Appendix 1. In Appendix 2
the jet expansion measurements are reported as a function of free jet
length.

4.6.1 Effect of free jet length on the gas entrainment rate

The normalised entrainment rate Qs l@, is plotted against the normalised
Jjet length Li/Dn in Figure 4.13. The shape of the curve is typical for
all experimental runs carried out in this study where it can be seen that
the rate of increase in Qg/Q is linear for the region close to the
nozzle. Beyond this region the rate of increase of Q¢ /Q gradually
becomes less until an almost constant value is obtained.
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Figure 4.13 Normalised entrainment rate vs normalised jet length
( Run 1: Dc = 44 mm; D) = 7.12 mm; Vi = 18 m/s;
©.= 1000 kg/m?; M = 0.0009 Pa-s; G = 0.048 N/m)

Although Figure 4.13 illustrates the relationship which is characteristic
of the entrainment process taking place, it does not provide any insight
as to why the entrainment rate changes with changing jet length. The
variabie directly controlling the entrainment rate is the effective jet

diameter (Q;)z » which is a function of the free jet length, as shown in
Figure 4.14.
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Figure 4.14 Normalised jet diameter vs normalised jet length
{ Run 1: D¢ = 44 mm: Dy = 7.12 mm; U o= 15 a/s;
©L = 1000 kg/m3; Mo = 0.0009 Pa~s; & = 0.048 N/m)

In Figure 4.14 the normalised jet diameter ﬂﬁ)z/Du has been plotted
against the normalised jet length LgIDN . It can be seen from the graph
that for values of Lj/DH below 5 the expansion in jet diameter with
increasing distance from the nozzle is linear, For Lj/Du above 5 the
rate at which the jet diameter expands decreases with increasing jet
length until a normalised length approximately equal to 25 is reached,
8eyond this length (DJ)Z/DN becomes constant.
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If the entrainment rate consistea only of the quantity of gas captured
within the boundary of the measured jet diameter at a given jet length,
then Q;/@, should remain constant once a constant value of (DJ');_/DN is
reached. The observation from Figure 4.15 that the normaiised
entrainment rate increases even after the Jjet diameter has ceased to
expand, suggests the entrainment rate cannot be quantified solely by the
amount of gas trapped within the irregularities on the free surface of
the jet,

The additional entrainment component was thought to be attributed to the
gas in the film adjacent to the surface of the Jet at the point of impact
with the receiving liquid.

4.6.3 Determination of gas film entrainment rate

The quantity of gas contained in the thin film «le)p entrained by the jet
as it plunges into the receiving 1iquid, can be directly determined from
Figure 4.15. The entrainment curve can be extrapoiated to the point
where the jet expansion is zero, i.e. (Dj)szN is equal to unity. At
this point the jet must be a solid stream of Tiguid with no gas trapped
within its boundary. The measured rate of entrainment therefore can be
due only to the gas contained within the entrained film.

It is necessary, however, to comment on the use of the concition of zero
jet expansion to determine the gas film component of the entrainment
rate. From Figure 4,14, zero jet expansion occurs only at the tip of the
nozzle. At this point the gas boundary layer has had no time to develop
and its thickness must therefore be equal to zerc. Subsequently, there
would be no moving gas stream to occupy the entrained gas film, and hence
the gas film entrainment rate would also be equal to zero.

The experimental observations represented in Figure 4.15, however, do
indicate a non-zero film entrainment component even though the gas
boundary layer adjacent to the jet free surface has had no time to
develop. The reason for this was thought to be due to reported Jjet
length values being measured from the tip of the nozzle to the interface
between the low and high density froth zones at the top of the column.
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The point where the actual mechanism of entrainment takes place is
Possibly a short distance below this interface. However, there is still
suffdicient time to allow the formation of a gas boundary layer adjacent
to the free surface of the Jjet without any observable increase in the jet
diameter. This would explain why a non-zero gas film component of the
entrainment rate is obtained when the experimental tota] entrainment
curve is extrapolated to the point of zero jet expansion.

4.6.4 Effect of jet Weber number on the gas film
component of the entrainment rate

In Figure 4.16 the normalised fiim entrainment component @QG)F/QL has
been plotted against the jet Waber number'V/q. It can be seen from the
graph that for bJej< 10000 the normalised gas film entrainment rate and
We; appear to be linearly related as shown by the solid line. This
result can be written as

(Qe)r o We,j . (4.42)
QL

If the jet velocity and diameter are constant then (4.42) becomes

Qe)r = P, (4.43)
QL 6

From (4.43) it can be seen that the gas film entrainment rate is directly
Proportional to the liquid density and and inversely proportional to the
Tiquid surface tension.
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Figure 4.16 Normalised gas film entrainment rate vs jet Weber
number for 44 mm diameter column (v, = 5,13 (m);
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[ See Appendix 5 for calculations ]

89



90

It also can be seen from the dotted curves given in Figure 4.16 that, for
a given jet velocity, (Qg)/Q, passes through a maximum when plotted
against increasing We;. This experimental observation is not in
agreement with (4.42). One possible explanation can be found by
considering the induction trumpet in the receiving liquid. The opening
of the induction trumpet can act as a throttling valve reguiating the
flow of the gas boundary layer into the gas film which is ultimately
entrained below the receiving liquid surface. When the opening is wide,
more gas will enter the film than when the opening is narrow.

The size of the opening of the induction is determined by the balance
between the interfacial and buoyancy forces acting on the free surface of
the receiving liquid. The radius of curvature of the induction trumpet
profile decreases with increasing interfacial force resulting in a
narrowing of the opening. Subsequently, the rate of entrainment
decreases with increasing interfacial force, i.e. decreasing values of
liguid surface tension.

The interfacial force is opposed by the buoyancy force of the displaced
liquid which resists the formation of the induction trumpet. The
buoyancy force is proportional to the liquid density, where the size of
the induction trumpet opening decreases with increasing 1iquid density
Subsequently, the rate of entrainment decreases with increasing liquid
density. The relationship between the gas film entrainment rate and the
density and surface tension of the receiving tiquid is therefore

Q) « 6 ., (4.44)
QL PL

By comparing (4.44) with (4,43) it can be seen that a maximum in the
normalised entrainment rate will exist when it is plotted against jet
Weber number. If bﬁgjis increased by varying 6 and €. only, then @Qe)p
will increase according to (4.43), However, when the entrainment process
is controlled by the forces acting within the receiving liguid the
entrainment rate will decrease with increasing bJeJ according to (4.44).
The value of hkﬁ at which the maximum in the entrainment rate occurs is a
function of the inertial force of the jet, or more specifically the jet

velocity, as indicated by the dotted curves given in Figure 4.16.
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Figure 4,17

Normalised gas film entrainment vs column diameter
for jet velocity values of 7.8 (A), 11.5 (®), and

15.0 (@) m/s ( €. = 1000 kg/m3;.}k = 0.0009 Pa-s;
G = 0.062 N/m: Qj = 7.12 mm)

4.6.5 Effect of column diameter on gas film entrainment

The effect of column diameter on the gas film entrainment rate was

examined for a range of jet conditions,

held constant and the normalised gas film entrainment rate was measured

Firstly, the jet diameter was

100
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as a function of column diameter for jet velocity values of 7.8, 11.5 and
15 m/s. The results are given in Figure 4.17, where it can be seen that
(@)r fQ| decreases with increasing D, for al1 three jet velocities.

Also, it can be seen that (&) /Q_ increases with increasing v; for a
fixed column diameter.

0.4
0.3 1
(Qg):
OL
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Figure 4.18 Normalised gas film entrainment vs column diameter
for jet diameter values of 4.76 (@) and 7.12 (@) mm
( Q. = 1000 kg/m3; Mo = 0.0009 Pa-s; G = 0.063 N/m;
v, = 11.5 m/s)
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Secondly, the jet velocity was held constant and the normalised gas film
entrainment rate was measured as a function of column diameter for jet
diameter values of 4.76 and 7.12 mm. The results are plotted in

Figure 4.18 where it can be seen that (Q;);/Q_ decreases with increasing

D. for both jet diameters.
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Figure 4.19 Schematic depicting effect of column diameter on
film thickness (constant jet diameter and velocity)
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The results shown in both Figures 4.17 and 4.18 indicate that the column
diameter does affect the gas film entrainment rate, Visual observation
suggests that decreasing the column diameter increases the thickness of
the entrained gas film. A possible explanation for this phenomenon is
illustrated in Figure 4.19, which depicts the same jet plunging into two
columns of differing diameters.

It is suggested in Figure 4.19 that the plunging jet generates a
recirculating eddy inside the column whose volumetric flowrate is found
when (4.19) is substituted into (4.17), i.e.

Iz
(Qe)max = 0'37{'2:"%.'2_',1} - 064, (4,45)
QL R_j

In Figure 4.19 it can be seen that the gas film thickness T; appears to
be proportional to the magnitude?’ of the radial force F. produced by the
liguid recirculation inside the column, i.e.

T * B (4.46)

If the magnitude of F is related to the recirculating eddy maximum

velocity (Ue)max » SUch that Fr increases with increasing (Ve)puxs then

Froo (V) max (4.47)

The relationship between (W ).ax @nd the maximum volumetric liquid
recirculating flowrate (Qe)max iS given by (4.24), from which

X (G-e)n-o.x . - (4.48)
N

Re

( Ve ) %

't the relative magnitudes of the radial force and the

recirculating eddy maximum velocity are indicated by the length of the
arrows in Figure 4.19
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The maximum volumetric liquid recirculating flowrate can be calculated
from (4.45) which can be simplified by assuming Q_and R; are constant as
illustrated in Figure 4.19, and that for R »> R; then

(re-4rr )"+ Re . (4.9

Therefore, from (4.43) we have

(GlE)max < R. & (4.50)

Finally, from (4.46) - (4.48) and (4.50), the relationship between 1. and
R. is given by

T oo L (4.51)

It is indicated by (4.51) that the gas film thickness, and hence the gas
film entrainment rate, is inversely proportional to the column diameter.
This result is consistent with the experimental observations given in
Figure 4.17 and 4,18, Therefore it is suggested the column diameter
infiuences the gas film entrainment rate by determining the magnitude of
the recirculating eddy velogity, which ultimately controls the gas film

thickness.

4.5.6 Effect of recirculating eddy velocity
on the gas film thickness

The gas film thickness 7. was calculated from (4.35) using the
experimental gas film entrainment values given in Appendix 5, and in
Figure 4.20 T. has been plotted against the recirculating eddy maximum

velocity {(Ve)mox-
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It can be seen from Figure 4.20 that the curve is a straight line for
values of (Ue)moy 18SS than approximately 1.1 m/s. For {Ue)wnx 9reater
than 1.1 m/s the relationship is not linear.

A possible reason for the linear portion of the graph can be found by
applying dimensional analysis to the forces which are controiling the
film thickness, namely the viscous and interfacial forces. Dimensional
analysis using only these two forces gives

T "*{Ff—g—} (Ye)max (4.52)

Equation (4.52) impiies that T. is directly proportional to (Ve ) max in
the regime where viscous and interfacial forces dominate. From

Figure 4.20 it appears this regime occurs when (Ue)mox ¢ 1.1 m/s where a
straight 1ine (solid 1ine) has been fitted through the data points.

The change in the shape of the curve in Figure 4,20 for recirculating
velocities above 1.1 m/s is possibly because in this region the
interfacial force becomes negligible and the inertial force controls the
film thickness. A dimensional analysis considering only the viscous and
inertial forces leads to a square-root relationship between the film
thickness and maximum recirculating velocity, i.e.

if2 ifz
I e M (O (4.53)

A square root relationship according to (4.53) has been applied to the
data points in Figure 4.20 for fUé)"nx > 1.1 m/s. It can be seen from the
graph that the resultant curve (dashed line) fits the data values
reascnably well., Also, the curve can be extrapolated to a zefo film
thickness when (U2) e, 1S zero.

From the results shown in Figure 4.20 it is possible to conclude,
therefore, that the relationship between the maximum recirculating eddy
velocity and the gas film thickness, and hence the gas film entrainment
rate, can be separated into two distinct regimes, namely one in which
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viscous and interfacial forces dominate, and one in which viscous and
inertial forces dominate. From the experimental data the transition
between the two regimes occurs when ?U;)ma,is approximately equal to a
value of 1.1 m/s for the water-teric 407 (G = 62 mN/m) system,

4.6.7 Comparison of experimental and predicted
gas film thickness values

In Figure 4.21 the experimentally determined dimensionless film thickness
Tghas been plotted against the logarithm of the induction trumpet
capillary number, where both the dimensionless film thickness and the
capillary number have been calculated using the mixture viscosity given
by (6.33). It can be seen from the graph that the data points lie on
curves of constant kinematic viscosity, and for low values of'LLthe
experimental values for‘Qf tend to be greater than those predicted by
(4.40). It can also be seen there is closer agreement between the
experimental results and the theoretical curve as the Tiquid kinematic

viscosity is increased.

One possible reason for the results shown in Figure 4.21 is that for
small values of‘@kﬂhxth£+ » corresponding to low valtues of absoclute
viscosity, disturbances generated on the free surface of the induction
trumpet are amplified and rupture the gas film prior to the formation of
the constant film thickness region. Consequently, the measured values
for T* are greater than those predicted by (4.40) for the constant film
thickness region. As (C.c:n).h,m]“'+ increases due to an increase in My the
disturbances are attenuated by the viscous forces and formation of the
constant film thickness region is achieved, resuiting in closer agreement
between the measured and theoretical values for T

It can be concluded from the results shown in Figure 4,21 that the
stability of the induction trumpet surface is an important factor in
determining the quantity of gas film which is entrained by the jet.
Furthermore, under conditions of high ligquid viscosify, thin film theory
may be used to obtain an estimate of the gas film thickness.
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4.6.8 Prediction of the initiation of gas film entrainment

It was shown in Figure 4.20 that for the ajr-water system the data points
for the viscous/interfacial force regime ( (&), .. < 1.1 m/s ) can be
extrapolated to a zero film thickness when the recirculating liquid
maximum velocity is approximately equal to 0.42 m/s. It seems
rezsonable, therefore, to interpret this value as the minimum max imum
recirculating Tiguid velocity necessary before the initiation of
entrainment of a gas film takes place.

It is not possible to compare the value of 0.42 m/s for (ve), __

obtained from this study with the results from Sheridan (1966) and
McCarthy (1972) for air-water systems. Firstly, neither Sheridan nor
McCarthy considered the sianificance of the recirculating eddy velocity
on the initiation of entrainment. Secondly, for all three studies the
surface roughness of the free jets was different, which would have a
major infiuence on the mechanism initiating entrainment. For rough jets,
such as those used in this study and by Sheridan (1968), the
instabilities generated and then amplified on the induction trumpet
surface could have caused the gas film to collapse, resulting in
entrainment taking place. Also, with rough jets entrainment can occur in
the form of gas being trapped within the undulations on the free surface
of the jet which is then carried below the receiving liguid surface.

The initiation mechanism is different for smoath jets, such as those used
by McCarthy (1972), where the gas fiim is not ruptured by surface
instabilities, and entrainment is initiated only when the viscous and
interfacial forces are overcome by the inertia associated with the motien
of the induction trumpet free surface.

The difference between the initiation mechanisms for rough and smooth
Jets is highlighted by the results of McCarthy (1972), and Sheridan
(1966). McCarthy (1972) reported that for very smooth water jets
plunging into a quiescent liquid, entrainment was initiated at a jet
velocity of approximately 7 m/s. This value is much higher than the
values reported by Sheridan (1966) for rough jets.
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For systems where the viscous force prevents the collapse of the
induction trumpet by disturbances amplified on the free surface, the
recirculating eddy velocity can be used to obtain a relationship between
the jet and column diameter, and the initiation velocity. Consider the
expression derived eariier in (4.24) relating (\Ve)mox tO the

recirculating eddy maximum volumetric flowrate:-

o = - @uex
RS

where (Qg),ox 15 given by (4.17), i.e.

(Qe)max = {——Oc-ij‘ - 0‘64_} Ql. *

The Crayer-Curtet number, C+, for a jet issuing into a stationary
coaxial stream is given by (4.19):-

R.
CT = 1 L)

LR -2 R )"

Substituting the expressions for (Qg),y 2nd C, into (4.24) gives

2 L
q’QL 0'37[RC —%Rj J - 0'&4‘ . (4.54)

TTRCZ R_j

(Ue) max

If @.‘_=TTRJ2'U3 , then (4.54) becomes

2 |/?_
(Ue)max B 41{Ji&] OG?ER:-"'&RJZJ - 04 . {4.55)
Re R

If it is assumed that gas film entrainment is initiated once a critical
recirculating eddy maximum velocity (‘U’e)Cm-} is reached then (4.55) can
be rewritten as
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2| 2 -~z
(Wt = 4.(15)%[&] io-ﬂ[R(_-tRf] ~ Cobh | 4 (4.56)
Re FU
where (m&);m+ is a function only of the 1iquid physical properties.
Equation (4.56) can be simplified by making the approximation that for
Re?>R; s

. iz
{RJ—-’,;QJ-‘} = Re . (4.57)

Equation (4.56) then becomes

('U'e)cri{- = 4‘(%)(?!!'!'{&‘5' 0'37{%&3 - 0-64 . {4.58)
Re J

Finally, for systems where the column diameter is constant, (4.58) can be
rearranged to give the relationship between the jet diameter and the
critical jet velocity (15)””+ for which entrainment is initiated, i.e.

! = kR - kg R, (4.59)
(v_i)ami-
where
ks = Ax(-37 (4.60)
RCZ(%)U;*
and
kq- = A x L4 o (4.61)

Rcz (Uﬂ)Lr"lf



The validity of (4.59) can be checked using the experimental results

given by Lin {1963) for an air-95 wtx glycerol solution.

Lin measured
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the jet velocity at which entrainment was first observed for a number of

different radius jets. His results are listed in Table 4.1 which also
includes values of (U;)ini; that have been calculated from (4.59).

TABLE 4.1 Comparison of initiation Jjet velocities as a
function of jet radius calculated from (4.59)
with the experimental results reported by

Lin (1963) for the glycerol-air system

Jet Constants in (4.59)1 Initiation Jet velocity
Radius Ka Ks From (4.58)2  Lin (1963)
(m) (10° sm~2) (108 sm-3) (m/s} (m/s)
0.0003 4,12
0.0005 2.56
0.0007 1.80
0.0010 1. 41 1.40
0.0015 0.850 0.140 1.04 1.04
0.0020 0.870 0.160 0.88 0.91
0.0025 0.863 0.153 0.80 0.83
0.0030 0.853 0.143 0.78 .79
0.0035 0.845 0.135 0.80 0.77
0.0047 0.826 0.116 1.13 0.75
Average 0.851 0.141
St. dev, (0.015) (0.015)

1 Kis and K4 values have been calculated by solving (4.59)
simuitaneously using the data values given by Lin (1963).

The data point (R; = 0.00% m, (% )imt = 1.40 m/s) was

used in conjunction with the appropriate data point to

calculate the individual values for Ka and Kq.

2 The velocity values were calculated using the average values

for Ka and Ka.
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It can be seen from the results given in Table 4.1 that K3 and K¢ are
approximately constant over the experimental range which is in accordance
with (4.60) and (4.61), assuming that (1u)..; and R, are constant for
the system. Therefore, the experimental results given by Lin (1963)
should follow the relationship

l = (08Six107)&; ~ (0141 x10% ) R

(UJ) It

. (4.62)

and in Figure 4.22 a comparison is made between the measured critical jet
velocity and the prediction given by (4.62). It can be seen from the
graph that the curve closely follows the experimental results for

R; < 3.0 mm. For larger values of R; the curve deviates from the data
points which is possibly because the assumption { RG1—~~t Rjz }Vﬁi ¢ ho

tonger applies for R; > 3.0 mm.

The values of Ks and K« given in (4.62) could have been calculated
directly from (4.60) and (4.61) respectively if the critical
recirculating eddy maximum velocity (Ve).~t and the column radius were
known. Alternatively, if Ka and K4 are known then (4.60) and (4.61) can
be used to calculate (Ug)eri4 and Rc' If the average values of Ks and K
listed in Table 4.1 are taken then (2)ert and R, equal 0.17 m/s and
0.011 m respectively. No comparison can be made for the calculated value
of R. because Lin (1963) does not give a value for the column radius.
However, the calculated value of (VUe)ert can be compared to measurements
made by Witkinson (1975) for air-glycerol/water solutions. He measured
the Tinear velocity at which a horizontally rotating cylindrical roll
began to entrain gas below the bath surface. From his results Wilkinson
concluded that entrainment was initiated when a critical Capillary number
equal to approximately 1.2, was reached. This value compares well with
the present case, for which the critical Capillary number takes a value
of 1.03 at the velocity of 0.17 m/s.
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4.7 SUMMARY
The findings in this chapter can be summarised as follows:-

(i) The rate of entrainment for a rough plunging jet ¢an be considered
to be the sum of the quantity of gas which is trapped within the boundary
of the jet at the point of impact with the receiving liquid, and also the
guantity of gas present within the annular gas film located between the
free surfaces of the jet and the receiving liquid at the point of impact.
The flow of gas in the entrained film is not equal to the gas boundary
layer moving with the jet surface.

(i1) The entrainment mechanism for the gas film component ¢an be
modelled using the velocity of the recirculating eddy generated within
the receiving liquid by the action of the plunging jet. By predicting
the magnitude of the velocity of the recirculating eddy, the effect of
column diameter on the entrainment rate can be determined.

(ii1) The rate of entrainment of the cas film can be calculated provided
the film thickness is known. An estimate of the film thickness can be
obtained from thin film theory provided the film does not rupture prior
to attaining a constant thickness. A film of constant thickness is
achieved only if the viscous forces present within the receiving liguid
are sufficiently strong to dampen any disturbance generated on the
induction trumpet surface. For systems where the film is ruptured prior
to attaining a constant thickness the entrainment rate is greater than
that predicted from thin film theory.

(iv) The experimental results indicate the initiation of gas film
entrainment for smooth jets is controlled by the recirculating eddy
velocity. The critical recirculating eddy velocity can be used to define
a critical Capillary number for the jnduction trumpet which marks the
initiation of gas film entrainment. For air - glycerol/water systems the
critical Capillary number is approximately equal to unity.
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Chapter 5

SUBMERGED JET EXPANSION
AND BUBBLE GENERATION

5.1 INTRODUCTION

Once the gas 1s entrained below the receilving liquid surface by the
plunging liquid jet it is dispersed as fine bubbles throughout the bulk
1iquid flow. The size of the bubbles which are produced by this process
is determined by the ratio of the forces acting within the 1liquid phase
causing bubble breakup to the interfacial force which is tending to hold
the bubbles together. The ratic of these two forces is called the Weber

number and is defined as

We = _P_(*g-)ﬁ . (5.1)

where &ﬂﬁ'is the mean square velocity difference acting over a distance d.
Equation (5.1) can be used to define the critical Weber number Wecrit
which corresponds to a maximum bubble diameter, (dv)aax, which can exist
in a given velocity field, i.e

We .y = L0 Eodmgy (5.2)
G
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From (5.2) the maximum bubble diameter, and hence an estimate of the
bubble diameter distribution, can be obtained provided values for Wecrit

T
and () are known.

In this chapter a model is developed to predict (dv)max for the mixing
zone at the top of the downcomer in the plunging jet bubble column. The
model is based on (5.2) by assuming a value for the c¢ritical Weber number
and the velocity fluctuation term is calculated from the energy
dissipated by the jet within the submerged jet region. A model is also
presented which predicts the expansion of the submerged jet based on the
momentum values for the jet and the liquid inside the recirculating eddy
surrounding the submerged jet.

5.2 LITERATURE REVIEW

In order to predict the maximum bubble diameter and size distribution
generated within a plunging 1iquid jet bubble column, a knowledge of the
region inside the downcomer where the bubbles are generated and the
mechanism controlling their breakup is necessary. The breakup mechanism
for bubbles and droplets is thought to be directly related to the
critical Weber number and a review of the studies which have examined
this idea is given in Section 5.2.1.

The critical Weber number criterion for bubble breakup can only be used
if the intensity of the velocity fluctuations, which is a function of the
energy dissipation rate within the liguid, is known. Inside a plunging
1iguid jet bubble column the energy dissipated by the submerged jet as it
expands i1s responsible for the bubble breakup. For this reason a review
of the studies investigating the expansion of a submerged jet is given in
Section 5.2.2.

Finally, a review of the different types of bubble size distributions
which have been reported by other workers is given in Section 5.2.3 in
order to compare the results of the plunging jet system with alternative
bubble generation devices.
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5.2.1 Critical bubble Weber number

The fundamental work investigating the breakup and dispersion of droplets
and bubbles within a continuous liquid was carried out by Hinze (1955).
He described the external forces which acted to deform the surface of a
droplet or bubble as being either viscous stress or dynamic pressure set
up in the liquid phase. The deformation of the droplet or bubble from
these external forces then gave rise to internal viscous stresses as well
as dynamic pressures. In addition, the interfacial tension also gave
rise to a surface force which resisted the deformation of the droplet or
bubble. From these assumptions Hinze applied the definition of a
generalised Weber number presented eariier by Taylor (1934) and expressed
the wWeber number as the ratio of the deforming forces to the restoring
forces acting on the droplet or bubble, i.se,

wWe = (Fde§/A\) , (5.3)
(G /d)

where Fger is the force per unit area acting to deform the droplet or
bubble and o is the interfacial tension acting over a length scale equal
to the droplet or bubble diameter, d. For high Reynold numbers Hinze
concluded that the deformation of the droplet or bubble was caused by the
dynamic pressure forces of the turbulent motion of the liquid created as
a result of the velocity fluctuations acting over distances egual to the
diameter of the droplet or bubble. Under these conditions Hinze defined
the weber number as

We = @olum) (5.4)
Gl/d

where (1JM5L is the mean value of the squares of the velocity differences

over a distance equal to d. Hinze assumed the velocity fluctuations were
isotropic and were related to the energy input per unit mass and time by

the Kolmogoroff energy distribution law, i.e.

1/3

(n)" = C, (Egd)™, (5.5)
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In (5§.5) Es is the specific energy dissipation rate and Cy is
approximately equal to 2 according to Batchelor (1951). From (5.4) and
(5.5) we have

we = 2(e) £ 47 (5.6)

Hinze applied (5.6} to the data of Clay (1940) to determine the value of
a critical Weber number corresponding to a maximum droplet diameter for a
tiquid-liquid dispersion contained between two coaxial cylinders, one of
which, namely the inner one, rotated. On the basis of Clay’s data Hinze
found that Wecrit was equal to 1.18.

Levich (1962) derived a similar expression to (5.3) which 1ncluded the
density of the dispersed phase. For bubbles dispersed within a
continuous liquid phase the modified Weber number, We*, was given by

we* = (F’daF /R (Pe) (5.7)
T eld)

and following a similar analysis given by Hinze, (5.7) became

We® = a(%)sswds/s(_e@ '/35 (5.8)

where ©, and @g are the densities of the liquid and gas phases
respectively. The modified definition of the Weber number given by
Levich was found to give reasonable predictions for the maximum diameter
for both bubbles in liquid systems and liquid droplets in gas systems,

Sevik and Park (1973) studied the splitting of bubbles and dreps in the
adjustment region of a high Reynolds number submerged water jet. They
used the Weber number definition given by (5.3) and analysed the forces
acting within the liguid stream on the bubbles to obtain the exprassion



5/3

We ¢\ ={(db)max(‘%->3/5552/5} . (5.9)

Sevik and Park found experimentally that Wecrit was equal to 1.26 which
compared well with their calculated value of 1.24 based on the assumption
the bubbles oscillated violently and eventually broke up when the

characteristic frequency of the turbulence was equal to one of the
resonant frequencies of the bubble.

Diagram removed for
copyright reasons

Figure 5.1 Weber Number as a function of axis ratio

for a bubble in a uniform valocity field
(after Miksis et al, 1981)
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Miksis et al (1981) computed the deformation of an axisymmetric bubble
(or drop) in a flow field moving with a uniform velocity U. They assumed
the flow was inviscid and incompressible and calculated the potential
function on the bubble surface. They found that as the velocity was
increased the bubble became oblate, spreading out in the direction normal
to the direction of the flow and contracting in the direction of the
flow. At a critical velocity the two poles of the bubble eventually
touched each other and the bubble became unstable.

Miksis et al extended their analysis to determine the Weber number for
which the bubble became unstable. They plotted the bubble Weber number
against the axis ratio Y (length of major axis/length of minor axis) as
shown in Figure 5.1, where Wep was calculated using a bubble radius
equivalent to the radius of a sphere with the same volume as the bubble.
Miksis et al found that a maximum in the graph occurred at a bubble Weber
number equal to 3.23. They interpreted this value to ba the critical
bubble Weber number, beyond which the bubble becomes unstable.

Lewis and Davidson (1982) predicted a critical bubble Weber number value
for the breakup of a single bubble rising through a vertical liquid jet
flowing upwards into a large volume of the same liquid. They analysed
the deformation of an initially cylindrical bubble surrounded by an
inviscid 1iquid in shear flow by calculating the pressure profile on the
bubble surface for different values of the liquid shear rate wu Their
predictions are given in Figure 5.2 where it can be seen that the axis
ratio became asymptotic at a critical shear rate qual to approximately
115 s=1. At this point Lewis and Davidson assumed the bubble became
unstable and broke up. From the predicted value of (w)_.u Lewis and
Davidson were able to calculate (Web)crit by assuming that

(Um)?. = (wL)L dg- s (5.10)

which when substituted into (5.4) gave

We, = @L(uh71(db)3. (5.11)
6
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Lewis and Davidson solved (5.11) for values of ), and their results are
given in Figure 5.2. It can be seen from the graph that the bubble axis
ratiq became infinite when Wev approached 4.7. Lewis and Davidson found
that this value was independent of the bubble diameter selected. They
concluded, therefore, that (Wev)erit was equal to 4.7.

Diagram removed for
copyright reasons

Figure 5.2 Theoretical distortion of a cylindrical
bubble due to shear flow caleculated
by Lewis and Davidson (1982)
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Lewis and Davidson related the critical bubble diameter tc their
experimental system by assuming that for a liquid jet flowing through an
orifice

Cdep T V., (5.12)
"l g

where v; and dj are the jet velocity and diameter respectively.

Equation (5.12) was then substituted into (5.11) to obtain an expression
for the maximum stable bubble diameter, i.e,

1] Y3
d = Wi G st d, 5.13
( b)max {( eb)Cr'H' E_ (‘—'\}:1-) } . (5.1 )

where (Wes)erit is equal to 4.7,

Raliinson (1984) examined the deformation of a bubble dus to axisymmetric
pure straining flow. He examined the stresses exerted on the bubble
surface due to the internal and external fluid flow, and found there was
a critical bubble Capillary number, (Cas)crit, beyond which the bubble
became unstable. Its value was given by

L

(Cay),,.; = O14% (_)%G_ "“’, (5.14)
L

where pg is the absolute viscosity of the gas inside the bubble.
Equation (5.14) is in good agreement with the resuilts given by Hinch and
Acrivos (1979) who found that for plane hyperbolic flows

(Co,).,, = O©e45S (;J_@_)"/b, (5.15)
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Hinch and Acrivos (1980) also found that for bubbles in simple shear
fliow,

Capy,,, = O 054 #_s)p.:’/:’ (5.16)
" Mo

Ryskin anag Leal (1984) obtained a numerical solution for the deformation
of a bubble due to unfaxial extensional flow of an incompressible
Newtonian liguid. They computed the shape of the bubble by balancing the
total normal stresses and capillary pressure acting on the surface of the
bubble and found that the Weber number for which the bubble became
unstable was a function of the Reynolds number. Interpolation of their
experimental results gave

| Ief9 i g | /s
= () ™ [
\web)Criﬁ" 2976 Cz47 cRe‘b)Cr'.—}'

where the bubble Reynolds number, and the corresoonding critical bubble
Weber number are given by

A
Rey)pny = Lo (D)max (5.18)
ZHL
and
z 3
(Wep),,, = 208 (Al (5.19)
G

Pandit and Davidson (1986) studied the breakup of bubbles rising through
a vertical liquid jet flowing upwards through a horizontal orifica and
into the large volume of the same liquid. They found that the number of
smaller bubbles No formed by the breakup of a single large bubble in the
flowing jet was correlated by:-



116

D8
Ny = 2-3'€JaP(db)53 . (5.20)
| 0.7 6

where AP is the pressure drop across an orifice which has a diameter
equal to Do. Pandit and Davidson defined the critical Weber number for
the jet produced by the orifice as

3
(We ) = :-ss{ap(db)o—u} . (5.21)
DDG

They proceeded to calculate a value for (Wes)crit by assuming the
minimum number of smatler bubbles formed by the breakup of a single large
bubble having a diameter of (do)crit was equal to 2, i.e. No = 2. This
value was substituted into (5.20) to find

kY
AP (dv)erd = .3 . (5.22)
DtF G

Substituting (5.22) into (5.21) gave a value for (Wes)crit of 1.1.

Walter and Blanch (19283) included the influence of the gas viscosity on
the breakup of a bubble within a pseudoplastic liquid and suggested the
critical bubble diameter was given by

/1o
(db)(,l'l'L = -1z 63/5 (}JL)Q_;H‘ . (5.23)
(e %] 3
t Me

where E/V is the energy dissipation rate per unit volume and (UL )ext s
the extensional viscosity of the pseudoplastic liquid.

Davies (1987) compiled the experimental results of a number of studies
and plotted the maximum drop diameter (dd)max as a function of the local
specific energy dissipation rate Es, as shown in Figure 5.3.
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Diagram removed for
copyright reasons

Figure 5.3 Survey of maximum drop diameter as a function of the
Tocal specific energy dissipation rate for different
types of devices (after Davies, 1987)

From the data given in Figure 5.3 Davies obtained a linear power Jaw
}eIationship between Es and (do)wax , over a range of 9 decades. It was
found by Davies the exponent for the energy dissipation was the same as
that given by Hinze (1955), and also that {(Wed)uax/2}3/5 ranged between
0.5 and 1, which gave an average critical droplet Weber number of 1.3.


hrl417
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Hesketh et al (1987) studied the breakup of bubbles in a dilute
dispersion flowing through a horizontal pipe. They used the definition
of the Weber number given by (5.8) 1in order to predict the critical
bubbé]e diameter, i.e,

3 / -1l
(db)Crl-F = {(Wekh>cri+} {S?' 6‘3.,3 } (Es) . . (5.24)
z (2 es)™T

where the specific energy dissipation rate Es inside the pipe was
calculated using the expression

1 3
E, = 2] . (5.25)
De

where ji. is the liquid volumetric flux flowing through a pipe which has a
diameter equal to Dp. The friction factor, f, is given by the Blasius
eguation

£ = 0.079 Re'o'zs, (5.26)

Hesketh et al used (5.24) in conjunction with experimental measurements
for (dv)wax, to obtain a critical Weber number vajue of 1.1.

Table 5.1 contains a summary of the reported values of the critical Weber
number found in the literature. For bubble-in-liquid systems the values
range from 0.95 to 4.7, with the theoretical predictions of Miksis et ai
(1981), Lewis and Davidson (1982) and Ryskin and Leal (1984) all giving
higher values for Wezrit than those which were experimentally determined,
which range from 1.1 to 1.24,
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TABLE 5.1 Reported values for the critical Weber number

: Reported Critical
Author

Conditions
Weber Number
Hinze (1955) 0.5 - o drop in viscous flow
i3 -w drop in air stream
1.1 emulsification in
turbulent flow
Sevik and Park (1873) 1.24 bubbte breakup by
submerged liquid jet;
the experimentally
determined value of
(Weperit was also
predicted from rescnhant
frequency of bubble
Miks1s et al (1981) 3.23 predicted value for
bubble/drop 1in
axisymmetric uniform
flow
Lewis and Davidson (1982) 4.7 ¢ylindrical bubble in
axisymmetric inviscid
shear flow
Ryskin and Leal (1984) 0.95 (Re = 10) numerical prediction of
2.15 (Re = 100) bubble breakup in
2.76 (Re = =) unfaxial extensional
Newtonian flow
Pandit and Davidson (1986) 1.1 bubble breakup by
submerged ligquid jet
Davies (1987) 1.13 liquid in liquid systems
Hesketh et al (1987) 1.1 bubble breakup in the

turbulent flow through a
pipe

5.2.2 Submerged Liquid Jet Expansion

When a 1iquid jet plunges into a receiving liquid contained within a
vertical column the resuliting submerged jet will expand to occupy the
entire cross-secticonal area of the column as shown in Figure 5.4.
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Figure 5.4 Expansion of a confined submerged jet

In Figure 5.4 B is known as the “jet angle“, 2B being the angle subtended
at the apex of the cone occupied by the expanding liquid jet. There have
been a number of jet angle studies reported in the literature. Donald
and Singer (1959) reported a constant jet angle of 149 + 20 over a jet
Reynolds number range of 5,000 - 30,000. Their results compared to
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earlier reported values of 140 (Binnie, 1942), 16° (Moss, 1947) ana 209
(Folsom, 1948). Donald and Singer also claimed that the receiving liquid
entered the submerged jet approximately perpendicular to the flow path,
which was contrary to the previously-held belief that the jet entrained
the surrounding liquid by a type of frictional effect, The implication
of this finding was that a momentum balance, and hence an energy balance,
could be defined for the system by considering only the liquid from the
jet source passing any transverse cross-section of the jet and ignoring
the flow of Tiguid surrounding the envelope of the submerged jet,

Table 5.2 contains a summary of jet angle studies reported in the
Titerature including values not already mentioned. The results show a
considerable variation suggesting that the jet angle measurements were
significantly influenced by the experimental conditions. With the
exception of Lane and Rice (1982), all of the studies listed in Table 5.2
are for unconfined jets.

TABLE 5.2 Measured values of jet angle for submerged jet

Jet
Author Angle Comment
(deg)

Binnie (1942) 14

Moss (1947) 16

Folsom (1948) 20

Donald and Singer (1959) 14

Sucui and Smigelschi (1976) 14 Jet angle determined by cone
which contained the submerged
biphasic region created by a
liguid jet plunging into an
unconfined liquid.

Unno and Inoue (1980) 24 - 29 Submerged 1iquid jet issuing
from an orifice and passing
upwards into a 150 mm diameter
cotlumn,

Lane and Rice (1982) 22.25 Submerged jet circulating

inside a closed system.
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5.2.3 Bubble diameter distribution

The size distribution of bubbles formed by the breakup of larger bubbles
in a turbulent field has been studied extensively by many workers (Lewis
and Davidson, 1983; Unno and Inoue, 1980; Hesketh et al, 1987). They
have all found the resultant bubble diameter distribution was skewed and
best1? described by a log-normal distribution. One possible reason for a
skewed bubble diameter distribution is the probability of a bubble being
broken increases with increasing diameter and the breakup of each large
bubble results in the formation of many smaller bubbles. The generation
of smaller bubbles at the expense of the larger ones would result in a
skewed bubble diameter distribution. The presence of a bimodal bubble
diameter distribution has also been reported and this is thought to be as
a consequence of either the incomplete breakup of the feed bubbles or by
the coalescence of bubbles in the turbulent shear field.

Mihail and Straja (1986) modelled the breakup and coalescence mechanisms
to predict the maxima for the bimodal bubble diameter distribution. They
defined the distributed product density function as f(Vm,z,t), which gave
the probability that at a time t, a bubble of volume Vb was at an axial
pcsition z. They obtained a population balance for the bubbles by taking
the substantial derivative of the product density function, i.e.

OF = birth by - deatn by
0+ Conlescence Coolescenme e
+  birth by - aeath by (5.27)
brwkma b.—mkmg

By assuming the motion took place mainly in the axial direction and
neglecting the radial and azimuthal velocities, the substantial
derivative reducsd to

Df = 2+ (v), o (5.28)
D+ ot o2

'2 Unno and Inoue (1980) describe their experimental results using a
gamma distribution,
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Mihail and Straja equated (5.27) and (5.28) and obtained expressions for
the "birth” and “death” terms to obtain the resultant bubble size
distribution for a given time and axial position. Preliminary results
showed the model can successfully predict the existence and the positions
of the two maxima in the bubble diameter distribution for an
experimentally measured bimodal distribution.

In gas-1liquid contacting operations it is common to report the mean
bubble size as the mean volume-surface diameter (dv}vs or Sauter mean
diameter which is defined as

(dplvs = 'L;l (5.29)
¥ (n.d;f)

Uy

where ni is equal to the number of bubbles having a diameter equal to di.
The Sauter mean diameter is useful when comparing the experimental
resuits for different bubble diameter distributions. It can be applied
directly to bimedal distributions without the need firstly to separate
the two distributions and obtain the individual mean values,

Usually it is desirable to produce a two-phase mixture which has a
uniform bubble diameter distribution, and the ratioc of the standard
deviation of the sample to the mean diameter is commonly used to give an
indication of the range of bubbie sizes. For a unimodal distribution the
standard deviation and mean value are clearly defined and their ratio is
easily calculated. For bimodal distributions the interpretation of the
mean value and standard deviation are not clear and the ratio of the
Sauter mean to the maximum bubble diameter, is used instead to indicate
the spread of the distribution. Some of the reported values of this
ratio are Tisted in Table 6.3. where it can be seen that the ratio ranges
from 0.6 - 0.7 for both Tiquid-in-liquid and gas~in-liguid systems.
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TABLE 5.3 Reported values of Sauter mean / maximum diameter ratio

Author {(db}vs}/{(db)max} System
Brown and Pitt (1972) 0.70 Kerosene in water dispersion
Zhang et atl (1985) 0.62 Kerosene in water dispersion
Calabrese et al (1886) 0.6 Droplet breakup in a stirred
tank
Hesketh et al {(1987) 0.62 Bubbles in a pipeline

(noted the existence of
a bimodal bubble distributicn)

5.3 THEORETICAL DEVELOPMENT

The development of a model to predict the maximum stable bubble diameter
within the submerged jet region, cor mixing zone of the downcomer section
of a plunging jet bubble column can be divided into three main areas of
research. The first requirement is to define the relationship between
the forces acting within the mixing zone and the maximum stable bubble
diameter. Secondly, expressions relating the forces acting on the
bubbles to the variables of the system are required. Finally, the volume
of the mixing zone, where the forces act to break up the bubbles, must be
defined. Each of these aspects of the model are discussed 1in the
foliowing sections.

5.3.1 Expression for maximum bubble diameter

An expression for the maximum stable bubble diameter was obtained from
the definition for the bubble Weber number defined by Levich (1562), i.e.

(Wey) e = z(%)(EQ#J(db) " (

TAAX

(—*‘e-)'/3 . (5.30)
oo



125

The maximum bubble diameter can be obtained from (5.30) provided the
specific energy dissipation Es, and a value for the critical bubble Weber

numbar (Wen*)crit are known.

Hesketh et al (1987) obtained experimentally a value of 1.1 for the
critical Weber number, which agreed with the results from other studies,
They supported their result with the argument that a bubble should break
up when the forces distorting the bubble are just greater than the forces
resisting the distortion, which they took to be when the Weber number is
Just greater than unity. In light of the experimental evidence and the
argument presented by Hesketh et a) (1987), a value of 1.1 has been
chosen as a reasonable estimate for the critical bubble Weber number,

Substituting the value of 1.1 for (Wen*)crit into (5.30) and rearranging,
gives the following expression for the maximum bubbie diameter, i.e.

3 . /s 3 /s -2/5
(db)max - (JZ‘> [@%} (Es) . (5.31)

Equation (5.31) can be used to calculate (db)eax ONCe an expression for
the specific energy dissipation rate for the mixing zone is derived.

5.3.2 Specific energy dissipation rate for mixing zone

To predict the specific energy dissipation rate within the mixing zone
the analysis used by Cunningham (1974) to predict the mixing losses for a
1iquid-jet gas pump has been applied. As shown in Figure 5.5, the liguid
Jjet and the gas annulus enter the top of the pump as discrete phases.

The gas and 1iquid phases are then intimately mixed in the throat before
passing into the diffuser as a homogeneous bubbly mixture. The operating
characteristics of the liguid-jet 9as pump are very similar to thosz of a
confined plunging jet system, j.e. the gas is entrained in the form of a
sheath which surrounds the Tiquid jet. The gas sheath is then broken up
and dispersed as bubbles by the intensive mixing within the submerged jet
region just below the point of impact of the plunging jet. The gas and

Tiquid then leave the mixing zone as a uniform bubbly mixture.
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Figure 5.5 Schematic of the liquid-jet gas pump
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Following Cunningham (1974), the caiculated pressure rise inside the
mixing zone of the plunging jet bubble column due to the momentum
transfer from the 1iquid to the gas phase is given by (5.32):

P-P - E':th{Zb (2 + kmz )21 + ?e@e) |+ %)
“ ?L@L @L

Lo (9e)*
- orw b?‘} . (5.32)
= b

where b is the ratio of the cross-sectional area of the jet to the cross-
sectional area of the column and kuz is the friction loss coefficient
inside the mixing zone; P¢ and Py are the pressures at the inlet and
outlet of the mixing zone respectively. From an energy balance, the
pressure rise inside the mixing zone is also given by

- 'ff - b1+ G 9 g \a' 3 i
PP = @La'vz ll b(r.@_f,;%)(”gﬁ—)"' gﬁ(‘g—f‘)(t_-b‘b‘)}

- _g_ripo b _%_) - pl_{(es)m+(es)m} 0 (5.33)

where (es)uz and (es)m1 are the specific energy dissipation terms for
inside the mixing zone and mixing loss respectively. By recognising that

(e9),, = &Vi" k_ b2<l+ f’ege)(u g_) . (5.34)
PL S/ Mz > 2 QLGDL 0.
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equations (5.32) - (5.34) can be rearranged to obtain an expression for
the irreversible specific energy dissipation attributed to the mixing of
the gas and 1{iquid phases, i.e.

ra
o = Ul .9k -bz(u €S )(;* 3_&) + sz<|+ T )(H Es_)
o ? { L a oL QL

/ rn 2 z
_ Z/P@QGX b ) + _gg(ﬂe_)(_b__ . (5.35)
L&y 1= b e \& /\I-b
The specific mixing JToss can be used in conjunction (5.31) to predict the

maximum bubble diameter once its dissipation rate (Es)m1 i3 known.

Assuming the mixing loss is uniformly dissipated throughout the mixing
zone (submerged jet region), the specific dissipation rate is given by

(Es)ml, - (es)m 3"‘1 ® (5.36)
]

where Qu is the volumetric flowrate of the liquid jet passing through the
mixing zone volume Vuz. This assumption is not strictly correct since
the energy dissipation rate will be higher in the high shear regions of
the mixing zone. However, (5.36) should give a reasonable approximation
for the maximum bubble diameter when it is used in (5.31)

5.3.3 Estimation for mixing zone volume

If the volume of the mixing zone is assumed to be the same as the conical
volume occupied by the submerged jet as it expands towards the walls of
the column, then the expression for Vuz is given by

V = TTQCZLM':_ . (5.37)
3
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As shown in Figure 5.4, the length of the mixing zone Luz can be
calculated from the jet angle and the column radius'using the expression

L. = _Re . (5.38)

eddy velocity
profile

(Ue) max

submerged jet

boundary \

Figure 5.6 Velocity profile of jet and recirculating eddy at z=0
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The submerged jet angle can be obtained by considering the radial
transfer of momentum from the jet to the recirculating eddy. Radial
momentum transfer from the jet will occur when there is a velocity
gradient across the submerged jet-recirculating eddy boundary as shown in
Figure 5.6.

It can be seen in Figure 5.6 the existence of a shear stress, tww, acting
along the wall in the direction opposite to the motion of the
recirculating eddy. If the wall shear stress did not exist the liquid
inside the recirculating eddy would increase jts velocity until a
velocity gradient no longer existed across the recirculating eddy -
submerged jet boundary. At this point the radial transfer of jet
momentum to the eddy would be zero, and the recirculating eddy angular
momentum is given by

(Me)*rh,:o = Pe@e{—,——u-’;o} . (5.39)

In reality, a shear stress does act along the column wall, resulting in a
difference between (ve)max and vj at the origin of the submerged jet,
where (ve)max < vi, The recirculating eddy angular momentum in this case
is given by

= Ve )max —
(Me)f”#o = PeQe.{( e) 2"~ O} . (5.40)

The difference between (5.40) and (5.39) is the momentum loss from the
recirculating eddy due to the shear stress acting against the ligquid flow
at the wall of the column, i.e,

2R Ly Ty = Qe@e{”}"@c)*mx} s (5.41)
pA

where 2nluz represents the surface over which the shear stress is acting.
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For a liquid flowing through a circular conduit of radius Re the shear
stress is given by

+

-

w = =R dP (5.42)
7 4z

where dP/dz is the pressure gradient along the length of the cenduit. 1If
AP is the change in pressure over the length of the mixing zone then

Tw = —Re, 27 (5.43)
2 Llm=z
or
‘Tw = - tan 3 . AP , (5.44)
Z

Substituting (5.44) into (5.41) gives

TR Ly tang (-AP) = ee@e{’%““’e)WX} . (5.45)
2

which can be rearranged to give an expression for the jet angle, i.e.

Lan 6 = QeQe{m{j"éfE>max} , (5.46)
27T Re Lz (-5P)

The denominator in (5.46) represents the pressure force acting normal to
the column wall in the opposite direction to the radial dissipation of

Jet momentum. An approximate expression for the pressure force in (5.46)
can be obtained from the Euler number, Neu, which is defined as ratio of
the frictional pressure force to the inertial force of the system., If the

frictional pressure force is given by the denominator in (5.46), and the
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1nertial force 1s equivalent to the initia) jet momentum, then the Euler

number for the plunging jet system is given by

NEu = Q{ ZﬂQQLMI(-BP)j ’

(5.47)
M

where T, 1s & constant and its value depends on how effectively the jet
momentum is converted into a pressure force

The initial jet momentum is
equal to

M, = pLEL v

(5.48)

Witte (1969) also gives an expression for the Euler number, i.e

N = ot

Eu —d

P

s (5.49)

where Po is the pressure in the headspace at the top of the downcomer

Equating (5.47) and (5.49) to obtain an expression for the pressure
force, (5.46) becomes

tang = q(e X& ee>{v s—am}

{5.50)
J
By recalling
- 037 —_
(@e) Q [ 054} \
Pl ™™ CT

where

C, = <
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Equation (5.50) can be written as

+0n€ QLPO W:_){o:w R: %Rz) o&ﬂrIZJj{vj-(v‘e)max} (5.51)

v Ao K; Y

or

2
@:;_gﬁan" Q.P—"-—@- o3(RE-+ R:2) - 065 R {'_J_“,_'—(‘Jf)mx}.‘,(s.ﬂ}

Z @ﬁﬁ Qu Rj T q

J

where the jJet angle is given in degrees.

5.4 EXPERIMENTAL

The experimental setup used to study the size and bubble diameter
distribution generated within the mixing zone at the top of the column
consisted of a number of pressure tappings spaced 50 mm apart along the
axial length of the column. These tappings were used to obtain the
differential pressure profile from which the boundary of the mixing zone
was determined. In addition to the pressure tappings located along the
wall of the column there was another outlet situated 200 mm below the top
pressure tapping, This ocutlet was used to draw the two phase mixture
through the optical flow-through cell used to photograph the bubbles in
order to determine the bubble diameter distribution.

The experimental procedure invoived setting the gas and liquid flowrates
to the desired values and then allowing the bubble column sufficient time
to reach equilibrium operation. The column was assumed to be at
equitibrium when the gas void fraction profile became constant with
respect to time. The two-phase mixture was then drawn through the
optical cell with the aid of a Jet-ejector vacuum pump located upstream
of the optical flow-through cell. The rate of bubbles passing between
the paraliel windows in the optical cell was adjusted by diluting the
two-phase mixture with the clear 1liquid prior to it entering the optical
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cell in order to minimise the number of overlapping bubbles appearing in
the photograph.

The differential pressure profile was constructed from the experimental
pressure readings. The boundary of the mixing zone was determined to be
the point where the differential reading first became constant which
marked the position where the pressure fluctuations due to flow
variations became insignificant. At this point the gas void fraction
became constant which indicated the onset of uniform two-phase flow. The
procedure and equipment used to take the bubble photographs is outlined
in Chapter 3. The bubble diameter distribution calculated from the
sampie taken from the 200 mm sample port was assumed to be representative
of the bubbles generated inside the mixing zone.

5.5 RESULTS AND DISCUSSION

In this section the submerged jet angle measurements, which were
determined from the pressure profile readings given in Appendix 4, are
presented. The jet angle measurements are then compared to the predicted
values obtained from (5.52). From the jet angle measurements the volume
of the mixing zone and subsequent values for the maximum bubble diameter
have been calculated. These are compared with the experimental bubble
diameter measurements given in Appendix 3.

5.5.1 Axial wall pressure measurements

The general shape of the absolute pressure profiles along the axial
length of the bubble column were similar for al} experimental runs. An
exampie of a typical curve is shown in Figure 5.7, where the tota}l
pressure P(z) normalised against the ambient atmospheric pressure Pata,

has been plotted as a function of length along the axis of the column.
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F1gure 5.7 Normalised wall pressure profiles for 2.38 (Run 26),A:
4.76 (Run 17),5; and 7.12 mm (Run 8),Q; mm diameter jet
[ fu= 1000 kg/m3; u. = 0.0009 Pa-s; o = 0.062 N/m; no
baffles; D3y = 44 mm; v; = 11.5 m/s]

It can be seen from Figure 5.7 that for each curve there is a distance
from the nozzle beyond which the normalised pressure is a linear function
of length. This region corresponds to the uniform two-phase flow zone
where the pressure gradient is constant due to the constant gas void
fraction,and any pressure variations due to velocity fluctuations within
the liquid are negligible.
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Before uniform two-phase flow is achieved there is a region where the
pressure profile is not linear. This region marks the mixing zone where
a rgversal in the direction of 1iguid flow takes place due to the
presence of the recircuiating eddy. Consequently, the negative dynamic
pressure gradient counterbalances the increase in the hydrostatic
pressure with increasing distance from the nozzle. The result is an
absolute pressure profile gradient being less in the region of the
recirculating eddy than for the uniform two-phase flow zone, and hence
the sigmoidal shape in the normalised pressure profile along the column,

It can be seen from Figure 5.7 that the submerged jet reached the wall at
Tengths of 175, 148, and 72 mm for the 7.12, 4,76 and 2.38 mm diameter
jets respectively. These distances were taken as the lengths of the
mixing zone for the respective jet diameters, and from these readings the
corresponding jet angles were calculated from (5.38)., This procedures was
repeated for aill experimental runs.

TABLE 5.4 Effect of gas/1iquid flow ratio on the measured jet angle
(Bc = 74 mm; D; = 4.76 tom; vj = 11.5 m/s; Q.= 1000 kg/m?;
o = 0.063 N/m; L = 0.0009 Pa-s)

Mixing Heasured Density
Gas/Liquid Zone Jet Two-Phase
Flow Ratio Length Angle Mixture
(men) (deg) (kg/m3 )}
0 150 13.9 999
0.126 170 12.3 800
0.296 216 9.8 620

0.645 260 B.1 474
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5.5.2 Submerged jet angle
(a) Effect of gas/liquid volumetric flow ratio

In Table 5.4 measured values for the submerged jet angle and the density
of the two-phase mixture inside the recirculating eddy are listed as a
function of the gas/liquid volumetric flow ratio. It was assumed Qs Was
the same as the mixture in the uniform two—phase flow region which was
obtained from the pressure readings given in Appendix 4.
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Figure 5.8 Measured jet angle vs recirculating eddy density
(Dc = 74 mm; no baffles; Dy = 4.76 mm; vy = 11.5 m/s;
Q.= 1000 kg/m?; o = 0.063 N/m; . = 0.0009 Pa-s)
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It can be seen from the results given in Table 5.4 that the jet angle
decreases with decreasing mixture density inside the recirculating eddy.
This trend is due to the reduction in the radial dissipation of jet
momentum due to the increase in the density difference between the liquid
inside the submerged jet and the recirculating eddy. When the jet angle
is plotted against Q. @s shown in Figure 5.8, the result is a straight
1ine which is consistent with (5.52). The line can also be extrapolated
to obtain a jet angle value of 2.1° when the recirculating eddy density
is equal to zero, which is in agreement with the measured angle of 1,9°
for the jet passing through air.

It has been shown in Figure 5.8 that the measured jet angie is directly
proportional to the density of the mixture inside the recirculating eddy.
To determine the effect of other system variables on the jet angle, the
measured angle has been multiplied by the jet/eddy density ratio to
account for the effect of having different recirculating eddy densities.

(b) Effect of column diameter

Table 5.5 contains values for the measured and corrected jet angle
measurements as a function of column diameter.

TABLE 5.5 Effect of column diameter on the submerged jet angle
(Qe/Qu = 0,127; D5 = 4.76 mm; vj = 11.5 m/s;
.= 1000 kg/m3; o = 0.063 N/m; w. = 0.0009 Pa-s)

W H

Mixing Mixture Jet Angle Hax imum
Column Zone Density Measured Corrected Recirculating
Diameter Length velocity
(mm) (mm) (kg/md) (deg) {deg) (m/s)
44 148 847 8.5 10.0 1.488
74 170 800 12.3 15.4 0.870

95 157 759 16.8 22.1 0.776
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It can be seen from Table 5.5 that the corrected jet angle increases with
increasing column diameter, and when Becorr is plotted against Dc as shown
in Figure 5.9, the graph is a straight line which is consistent with
(5.52)}. Other features of the plot are: when the jet diameter is equal
to Dc, the jet angle is zero; when Dy is less than De, negative values
for the jet angle are obtained.
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Figure 5.9 Corrected jet angle vs column diameter
( Qe/QL = 0.127; Dy = 4.76 mm; v; = 11.5 m/s;
€= 1000 kg/m3 ; 0 = 0.063 N/m; m = 0.0009 Pa-s)
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In Figure 5.10 the corrected jet angle has been plotted against the
recirculating eddy maximum velocity, which is also given in Table 5.5.
From the graph it appears the curve can be extrapolated to obtain a 0°
value of jet angle when (ve)sax iS equal to the jet velocity of

11.5 m/s. In this case the liquid at the boundary between the submerged
jet and the recirculating eddy are travelling at the same velocity, and
no radial jet momentum would be dissipated into the recirculating eddy.
Subsequently, there would be no expansion of the submerged jet.
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Figure 5.10 Corrected jet angle vs recirculating eddy maximum valocity
( No baffles; Qa/Qu = 0.127; D3 = 4.76 mn; vy = 11.5 m/s;
P.= 1000 kg/m3; ¢ = 0.063 N/m; WL = 0.0009 Pa-s)

12



141

It is also possible to extrapolate the curve given in Figure 5.10 to
obtain a jet angle equal to 50° when (ve)max is equal to zero. This
result is consistent with (5.45) which can be rewritten as

@= fon™' | Ce Qe ["L{-,-(Ue)mx]l . (5.53)
OTIR Lmz (-BP)

From (§.53) the jet angle will approach 90° when the length of the mixing
zone approaches zero, i.e. the 1iquid inside the jet travels in the
radial direction only. This condition corresponds to the jet striking a
solid surface where the recirculating eddy maximum velocity is equal to
zero.

(c) Effect of liquid density

Table 5.6 contains values for the jet angle for a range of liquid density
values., It can be seen from the results the jet angle decreases with
increasing liquid density, which is in consistent with (5.52).

TABLE 6.6 Effect of liquid density and absolute viscosity
on the submerced jet angle ( Dc = 44 mm;
Dy = 4.76 mm; vi = 11.5 m/s; o = 0.063 N/m)

Liquid Mixing Mixture Jet Angie
Absolute Density Zone Density Measured Corrected
Viscosity Length
(10-3kg/(ms)  (kg/m?) (mm) (kg/m?) (deg) (deg)

0.871 1000 148 847 8.5 10.0
1.653 1064 198 929 6.4 7.3

2.854 1114 223 084 5.7 6.5
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From (5.52) it can be seen that the jet angle should be inversely
proportional to the square of the liquid density, and when Bcorr is
plotted against 1/C?L)2 a straight line is obtained with a correlation
coefficient equal to 0.966. Donald and Singer (1959) found that the jet
angle was proportional to the kinematic viscosity of the liquid to the
0.1333 power, which suggests the jet angle is also a function of the
absolute viscosity. Using the same value of the power exponent used by
Donald and Singer, Bcorr was plotted against (1/p1)2(uL)0-1333 and a
straight line was obtained with a correlation coefficient egual to 0.989,

The improvement in the correlation coefficient obtained by including the
absolute viscosity suggests a slight dependence of the jet angle on the
liquid absolute viscosity which is not included in (5.52). It is
possible the constant 7] in (5.4%) has a functional dependence on the
liquid viscosity, which is reasonable to expect since it is thougth that 7,
is a measure of the efficiency at which jet momentum is dissipated to
generate a pressure force. The rate of dissipation is 1ikely to be a
function of the liquid absoclute viscosity,

TABLE 5.7 Effect of jet diameter on jet angle for Dc = 44 and 74 mm
(no baffles; vy = 11.5 m/s; ¢_ = 1000 kg/m?;
o = 0,063 N/m; yL = 0.0009 Pa-s)

Mixing Mixture Jet Angle
Column Jet Zone Density Measured Corrected
Oiameter Diameter Length
(mm) {mm) {mm) {kg/m3) {deg) (deg)
44 7.12 178 882 1.2 8.2
4.76 148 847 8.5 10.0
2,38 12 805 17.1 21.2
74 7.12 247 872 B.§ 8.9
4.76 170 800 12,3 15,4

2.38 113 553 18.2 32.9




143

(d) Effect of jet diameter

Values for the submerged jet diameter for three different Jet diameters
are listed in Table 5.7 for the 44 and 74 mm diameter columns. From the
results it can be seen that the jet angle decreases with increasing jet
diameter for both columns. In Figure 5.11 Bcorr has been plotted against
the jet diameter,
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Figure 5.11 Corrected jet angle vs jet diameter for 44 (@) and 74 (C) mm
diameter columns (no baffles; O, = 1000 kg/m®; ¢ = 0.063 N/m:
e = 0.0009 Pa-s)
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It can be seen from Figure 5.11 that both curves appear to be hyperbolas
with asymptote values for the corrected jet angle approaching 90° and 0°
as the jet diametaer approaches zero and the column diameter respectively:
It is not possible to compare the trends shown in Figure 5.11 with those
predicted from (5.52) as it applies only to systems where the Crayer-
Curtet number is less than 0.5, which corresponds to the column diameter
being at Teast twice the diameter of the jet. Clearly, this condition is
not satisfied when the jet diameter approaches that of the column.
However, it can be seen from (5.52) that as Dj approaches zero the jet
angle approaches 90°, which is consistent with the experimenta)
measurements.

(e) Effect of surface tension

The effect of surface tension on the jet angle is presented in Table 5.8
for the 4.76 mm and 7.12 mm diameter jets. It can be seen from the
results that changing o had no noticeable effect on either the two-phase
mixture density or on the jet angle.

TABLE 5.8 Effect of surface tension on the jet angle for 4.76 and
7.12 mm diameter jets ( Dec = 44 mm; v = 11.5 m/s;
no baffles; Qv = 1000 kg/m®; p = 0.0009 Pa-s)

Mixing Mixture Jet Angle
Jet Surface Zone Density Measured <Corrected
Diameter Tension Length
(mm) (N/m) (mm) (kg/m3) (deg) (deg)
7.12 0.048 175 888 7.2 8.1
7.12 0.052 170 890 7.4 8.3
7.12 0.062 175 882 1.2 8.2
4.76 0.047 150 876 8.4 9.6
4,76 0.053 148 874 8.5 9.7

4.76 0.065 148 847 8.5 10.0
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(f) Effect of jet velocity

values for the jet angle as a function of the jet velocity are given in
Table 5.9, From the results it can be seen the jet angle decreases with
increasing jet velogity.

TABLE 5.9 Effect of jet velocity on the submerged jet angle
(Dc =74 mm; Dy = 4.76 mm; O_= 1000 kg/m3;
o = 0.063 N/m; pr = 0.0009 Pa-s)

Velocity Mixing Mixture Jet Angle
Jet Eddy (ve)max Zone Censity Measured Corrected
Vi Length
(m/s) (m/s) (mm) (kg/m3) (deg) (deg)
15.0 1.276 11.76 248 822 8.5 10.3
11.5 0.976 11.78 170 80O 12.3 15.4
7.8 0.663 11.77 74 750 26.7 35.6

The relationship between the the submerged jet angle and the jet velocity
given in Table 5.9 can be compared to the prediction by examining the
velocity terms appearing in (5.52), i.e.

I

3
Y

or

(5.54)

g = { | - (Tfinnax } .

|
J %

From Table 5.9 it can be seen that the ratio {(ve)max}/vj is constant.
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Equation (5.54) can be rewritten as

C) = K I . (5.55)

where K is a constant. From (5.55), the jet angle has been plotted
against 1/{vs}? in Figure 5.12 where it can be seen that the data points
have been fitted by a strajght line passing through the origin with a
correlation coefficient equal to 0.995. This result is consistent with
(5.55).
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(Dc = 74 mm; D5 = 4.76 mm; ©,_ = 1000 kg/m?;
c = 0.063 N/m; ur = 0.0009 Pa-s)
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(g) Jet angle constant

The value of 1 in (5.52) was found to be 0.089 by applying a least
squares fit through the experimental jet angle measurements'3.
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Figure 5.13 Comparison between measured and predicted jet angle values

If m, is thought of as a measure of the efficiency at which the jet

momentum is transferred into the recirculating eddy to produce a pressure

13values for Bmeas are given in Appendix 4.
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ferce, its value can be compared to the mixing efficiencies of around 10
percent ( 0.1 ) obtained by Cunningham and Dopkin (1974), and Shimizu et
al (7987) for the liquid-jet gas pump. Using a constant value of 0.089
in (5.52), the prediction’ for the jet angle is shown in Figure 5.13
where it can be seen that the resultant curve is in good agreement with
the experimental results.
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Figure 5.14 Frequency distribution curve for measured bubble diameter
inside mixing zone ( Run 2: Dc = 44 mm: ©_ = 1000 kg/m?;
vi = 11.5m/s; D3 = 7.12 mm; L = 0.001 Pa-s; o = 0.048 N/m)

14 Calculations for Beorr are given in Appendix 6



149

5.5.3 Bubble diameter distribution

The bubble diameter distribution generated within the mixing zone was
similar for all experimental runs. The frequency distributions were
bimodal, and could be reascnably represented by a log-normal
distribution. A typical freguency distribution curve obtained for an
experimental run is given in Figure 5,14, where it can be seen that the
distribution is bimodal.

The bimodal distribution could possibly be the result of the gas being
entrained into the mixing zone by two different entrainment mechanisms,
namely, that which is entrained as a film on the free surface of the
plunging jet, and that which is trapped within the boundary of the
plunging jet prior to impact. The gas inside the film would be subjected
to the high shearing forces acting at the submerged jet- recirculating
eddy boundary, while the gas inside the jet would be subjected to the
relatively Jower-energy turbulent intensity fluctuations within the
submerged jet zone. The overall resuilt of different forces acting on the
bubbles, depending on how the gas is entrained, is likely to produce a
bimodal bubble diameter distribution as shown by the experimental
results.

The experimental data from Figure 5,14 has been replotted on a log-
probability scale as shown in Figure 5.15. It can be seen that the
resultant curve consists of two straight lines, each having a different
slope., The observation that the plot is 1inear suggests the bubble
diameter distribution is log-normal, while the change in slope confirms
the presence of a bimodal distribution. The lTog-normal distribution is
most likely the result of the less stable larger bubbles being broken by
the shearing forces in the liquid, in preference to the more stable
smaller diameter bubbles. The preferential breakup of the larger bubbies
would result in a skewed bubble diameter distribution.
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Figure 5.15 Log~probability plot of cumulative bubble diameter
distribution (Run 2: Dc = 44 mm: no baffles:
Dc = 7.12 mm; vy = 11.5 m/s; P = 1000 kg/m3;
Hr = 0.001 Pa-s; 0 = 0.048 N/m)
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5.5.4 Maximum bubble diameter

In this section the maximum bubble diameter, (dv)max, predicted by (5.31)
is compared with the measured maximum value, (de)ss, which is the
diameter that is greater than 939X of all the diameters in the cumulative
distribution.

(a) Effect of gas-to~liquid volumetric flow ratio

Table 5.10 contains vaiues for both the predicted and measured maximum
bubble diameter for three different gas/iiquid flow ratios.

TABLE 5.10 Effect of gas/liquid flow ratio on maximum bubble diameter
(Dc = 74 mm; no baffles; Ds = 4.76 mm; v; = 11.5 m/s;
O, = 1000 kg/m?; yL = 0.0009 Pa-s; o = 0.063 N/m)

Gas/Liquid Bubble Diameter (um)
Flow Ratio Max imum Sauter (de)vs
Measured Predicted Mean (dv)ss
{(do)oe (dbuax (de)vs
0,126 543 544 324 0.597
0.296 23 599 341 0.852
0.645 698 645 468 C.670

It can be seen from Table 5.10 that both the measured and predicted
maximum bubble diameter increases with increasing Qs/QL ratio., This 1is
due to the volume of the mixing zone increasing with increasing gas-to-
liguid ratio, while the energy input from the jet remains constant. The
energy input per unit volume therefore decreases, which resuits in an
increase in the maximum bubble diameter. The observation from Table 5.10
that the measured diameter is generally higher than the prediction is
possibly due to the reduction in the turbulence intensity within the
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mixing zone when bubbles are present. B8ubble ccalescence, which has not
been accounted for in the model, ¢ould also account for the larger
measured maximum bubble diameter.

(b) Effect of column diameter

Table 5.11 contains values for the measured and predicted maximum bubble
diameter for three different diameter columns, with and without axial
baffles installed.

TABLE 5.11 Effect of column diameter (and baffle installation)
on the bubble diameter generated within the mixing zone
(D5 = 476 mm; vs = 11.5 m/s; g_= 1000 kg/m?;
pL = 0.0009 Pa-s; o = 0.063 N/m)

Bubble Diameter (um)

Column Baffles Max {mum Sauter (do)vs

Diameter Installed Measured Predicted Mean (dbJse
(mm) {Yes/No) (do)as (do )max (db)vs
44 Yes 390 383 231 0.592
14 614 B73 378 0.616
g5 611 627 360 0.589
44 No 406 353 270 0.665
14 543 544 324 0.597
95 531 643 332 0.625

It can be seen Frzin Table 5.11 that (dv)eax increases with increasing
column diameter. This is due to the increase in the mixing zone volume
with increasing column diameter while the energy input from the jet
remains constant. Consequently, the energy dissipation rate per unit
volume is less, which gives rise to the stable existence of larger
diameter bubbTes.
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It can also be seen from Table 5.11 that the measur% maximum diameter is
greater than the prediction for the 44 mm diameter column irrespective of
whether baffles were installed or not. This is possibly due to bubble
coalescence. For the 74 mm and 95 mm diameter columns the motion of the
bubbles is less and the probability of the bubblies having sufficient
inertia to collide with each other and coalesce is significantly reducea.
The absence of coalescence for the 74 and 95 mm diameter columns is
indicated by the closer agreement between (ds)ss and (dolmax.

Finally, it can be seen from Table 5.11 that installiing baffles inside
the 74 and S5 mm diameter columns increased the measured maximum bubble
diameter. The baffles possibly reduced the amount of ligquid roctation
inside the column which is generated by the jet. The rotaticnal velocity
component, not accounted for in the theory of bubble breakup, would
increase the shear rate giving rise to smaller bubbles.

(c) Effect of kinematic viscosity

Table 5.12 contains values for the measured and predicted maximum bubble
diameter for three kinematic viscosity values.

TABLE 5.12 Effect of kinematic viscosity on the bubble diameter
within the mixing zone ( Dc = 44 mm; no baffles;
Dy = 4.76 mm; vy = 11.5 m/s; o0 = 0.063 N/m)

Kinematic Bubble Diameter (um)
Viscosity Maximum Sauter (db)ve
Measured Predicted Mean (db Jos
(10-8 m2/s) (do)sa (do Imax (de)va
0.870 406 358 270 . 665
1.558 318 381 187 .588

2.560 294 398 181 .616
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It can be seen from Table 5.12 that (db)ss decreases with increasing
Tiquid kinematic viscosity while (db)max increases with increasingyi.
The difference in the trends is possibly due to the effect of absolute
viscosity on the energy dissipation rate, causing bubble breakup to occur
within a volume less than that defined by (5.37). This effect would
increase with increasing absolute viscosity. Hence the increase in the
difference between the measured and predicted maximum diameter with
increasing yi.

(d) Effect of jet velocity

Table 5.13 contains values for the measured and predicted maximum bubble
diameter for three jet velocity values,

TABLE 5.13 Effect of jet velocity on the bubble diameter within the
the mixing zone ( Dc = 74 mm; no baffles; D3 = 4.76 mm;
£.= 1000 kg/m3; . = 0.0009 Pa-s; o = 0.063 N/m)

Jet Bubble Diameter (um)
velocity Max imum Sauter (db)vs
Measured Predicted Mean (do Yoo
(m/s) (db)ss (db)uax (db)vs
15.0 584 473 349 .588
11.5 543 544 324 . 597
7.8 718 630 430 .599

It can be seen from the table that (do)max increases with decreasing jet
velocity, which is expected since the energy input to the mixing zone is
propcrtional to the square of the jet velocity. Good agreement between
the measured and predicted values is obtained for jet velocity values of
11.5 and 7.8 m/s. For the higher jet velocity of 15 m/s, (dv)ss is
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greater than the predicted diameter and this is possibly due to bubble

coalescence. 4

(e) Effect of jet diameter

Table 5.14 contains values for the measured and predicted maximum bubble
diameter for three jet diameters. The experiments were carried out using
the 44 mm and 74 mm diameter columns, with the installation of baffles

inside the 74 mm diameter column for some of the experiments,

TABLE 5.14 Effect of jet diameter on the bubble diameter
within the mixing zone ( g = 1000 kg/m?;
pL = 0.0009 Pa-s; o = 0.063 N/m; vy = 11.5 m/s)

Jet Column Baffles Bubble Diameter (um)
Diameter Diameter Installed Max imum Sauter {(do)vse
Measured Predicted Mean (do)ss
{mm) (mm) (Yes/No) (do)es  (dblmax (de)vs
2.38 44 No 412 380 233 0.566
4,76 222 288 136 0.613
7.12 280 2286 1586 0.557
2.38 74 No 594 813 vz 0.626
4.76 543 544 324 0.597
7.12 441 457 264 0.599
2.38 74 YES 716 196 488 0.682
4.76 614 573 378 0.616
7.12 488 457 314 0.605

It can be seen from the Table that for both columns the maximum bubble
diameter decreased with increasing jet diameter, This is due to the
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increase of the energy input into the mixing zone as a result of the
higher mass flowrate associated with the increase in the jet diameter.

It cah also be seen from Table 5.14 that the measured maximum bubble
diameter increased as a result of installing baffles inside the 74 mm
diameter column. Possibly, the addition of baffles reduced the amount of
rotation of the liquid inside the column, resulting in an increase in the

bubble size.

{(f) Effect of surface tension

Table 5.15 contains values for the measured and predicted maximum bubble
diameter for three surface tension values. It can be seen that, in most
cases, (do)ss followed the predicted trend where the bubble size
increased with increasing surface tension. Also, the agreement between
the predicted and measured maximum bubble diameter was improved with
decreasing surface tension, where the 1ikelihood of coalescence occurring
was decreased.

TABLE 5.15 Effect of surface tension on the bubble diameter
within the mixing zone ( Dc = 44 mm; no baffles:
vi = 11.5 m/s; @_ = 1000 kg/m3; pL = 0.0009 Pas)

Surface Jet Bubble Diameter (um)

Tension Diameter Max 1mum Sauter (do)vs
Measured Predicted Mean CIYIT

(N/m) (mm) (db)se (do deax _ (db)va

0,047 4.76 248 257 153 0.617

0.053 222 288 136 0.613

0.065 406 353 270 0.665

0.048 7.12 222 203 129 0.581

0.054 280 226 156 0.557

0.062 381 275 242 0.625
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5.5.5 Bubble diameter ratio

From the results gijven in Tables 5§.10 - 5,15 the average value for the
bubble diameter ratio {(do}vs}/{(db)ss} was found to be 0.61, with a
standard deviation of 0.03. This result is consistent with the

literature values reported in Table 5.3.

5.6 SUMMARY

In this chapter a model has been developed to predict the maximum stable
bubble diameter able to exist within the mixing zone of the plunging jet
bubble column. The model was based on a critical Weber number equal to
1.1 where the specific energy dissipation term was given by the mixing
loss derived by Cunningham (1974) for liquid-jet gas ejectors. The
mixing loss was assumed to be dissipated within a volume equivalent to
that of the submerged jet as it expanded to occupy the entire cross-
sectional area of the bubble column.

The expansion of the submerged jet was predicted by equating the momentum
loss of the recirculating eddy at the wal] of the column with the radial
dissipation of jet momentum. The radial dissipation of jet momentum to
the recirculating eddy was assumed to be a function of the Euler number
for the system based on the initial jet velocity and the pressure in the
headspace at the top of the column.

The bubble diameter distributions generated in the mixing zone were found
to be bimodal and followed a log-normal distribution. The measured
maximum bubble diameter values, which were taken as the diameter which
was greater than 99% of all the diameters in the cumulative distribution,
were found, 1in the majority of cases, to agree within 10% of the
predicted values. The experimental measurements also gave the bubble
diameter ratic equal to 0.61 with a standard deviation of 0.03, which was
consistent with the results reported in the literature.
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Chapter &

UNIFORM TWO-PHASE FLOW ZONE

6.1 INTRODUCTION

In the mixing zone of the piunging jet bubble column the gas and liguid
phases are intimately mixed to produce a uniform two-phase dispersion
which flows downwards and exits through the outlet at the base of the
column. The hydrodynamics of the uniform two-phase flow zone are
determined by the gas and ligquid flowrates, liquid physical properties
and the initial bubble diameter distribution produced within the mixing
zone. There are a number of different flow regimes which can develop in

the uniform two-phase flow zone as illustrated in Figure 6.1.

At Tow gas flowrates "bubbly” flow exists in which small discrete bubbles
of different diameters move downward with the bulk liquid flow but not
generally at the same velocity as the liquid phase. The smaller bubbles
tend to collect towards the centre of the column where they exhibit a
faster downward velocity than the larger bubbles, which tend to
accumulate near the wall of the column. If the gas flowrate is increased
then the discrete bubbles coalesce and alternating gas and liquid
regions, or slugs, form inside the column. The gas slugs have
hemispherical caps which occupy nearly the entire diameter of the column.
These slugs are known as Dumitresculs bubbles and the resulting flow is
known as slug flow. In most cases the drag and viscous forces are
sufficiently great to give the Dumitrescu bubbles a net downward

15 see Dumitrescu (1943)
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velocity. For even higher gas flowrates the length and velocity of the
slugs increases until the shearing forces present make them unstable. A
breakdown of the bubble occurs, resulting in a chaotic mixture of gas and
liquid packets. This type of flow behaviour is known as churn-turbulent
flow. Finally, for very high gas flowrates “annular” flow exists where

the liquid flows down the walls of the column and there is & gas core in
the centre.
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Figure 6.1 Flow pattern transitions for two-phase
downward flow (a) bubbly (b) slug
{c) churn-turbulent (d) annular
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The abovementioned flows differ in their cnaracteristics such as the
pressure gradient, and the specific interfacial area. For a given gas-
1iquid flow ratio bubbly flow produces the greatest amount of interfacial
area followed by churn-turbulent, slug and finally, annular flow. For
bubbly flow the interfacial area is calculated from a knowledge of the
bubble diameter distribution and the gas void fraction. A number of
different studies have attempted to predict the gas void fraction for
cocurrent gas-liguid downflow systems from experimental results

(Friedel et al, 1980; Shah et al, 1983; Herbrechtsmeier et al, 1985)

One-dimensional model Two-dimensional model
(without local slip) (without locatl slip)
]
]
One-dimensional model Two-dimensional model
{with local slip) (with local slip)

Figure 6.2 Definition of gas and 1iquid velocity profiles
for different single mixture models
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A number of thecretical models have also been aeveloped to relate the gas
void fraction to the system properties. The simplest form is the
“single-mixture” model which assumes average fluid properties for each of
the two phases with the mixture treated as a pseudofiuid which obeys the
continuity and momentum equations for single component flow. A number of
different flow profiles have been assumed for the gas and liguid phases

in the develooment of single-mixture models as illustrated in Figure 6.2.

The one-dimensional model (without local slip) defined in Figure 6.2
assumes that the gas and ligquid phases behave as a single mixture moving
at a uniform velocity throughout the system. Bankeff (1960) improved
this model by allowing velocity variations to occur across the flow area
by assuming a two-dimensional velocity profile. This model is given in
Figure 6.2 as the two-dimensional model {without local slip). Wallis
(1962) later developed the "one-dimensional drift-flux” model which
allowed for local slip between the gas angd liquid phases but it did not
allow for velocity variations across the fiow field. Zuber and Findlay
(1965) combined the improvements developed by Bankoff (1960) and Wallis
(1962) to develop the "two-dimensional drift-flux” model which included
both the variation in radial velocity and also the local slip between the
two phases. The main limitation with single mixture models, however, is
that they do not consider the interaction between the gas and liquid
phases which can have a significant influence on the system.

Such limitations were overcome by the gevelopment of the "separated-flow"
model, first developed by Brodkey (1967), and later extended by Ishii and
Zuber {1979), which included separate continuity, momentum and energy
equations for the two phases. These equations were solved
simuitaneously, together with the interfacial rate equations, to
determine how the two phases reacted with each other. Although
separated-flow models are considerably more complex than the single
mixture models, they do have the potential for predicting transitions in
the type of flow pattern provided that the interfacial rate equations are
accurately defined.

When operating a bubble column it is important to be able to ensure
stable operation, and not only does bubbly flow give the best interfacial
area characteristics, it also provides the most stable set of operating
conditions. In the plunging jet bubble column the bubbles are typically
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less than 1 mm in diameter and the downward superficial 1iquid velocity
is sufficiently high to ensure that the bubbles are carried downward and
discharged from the column through the opening at the base. For siug or
churn-turbulent flow the bubbles have much greater buoyancy and can rise
against the downflowing liguid. The result is a recirculation of the gas
phase inside the column, thereby reducing the gas handling capacity, and
in some cases can lead to the total collapse of the froth inside the
column. For this reason it is very important to know under what
conditions a transition from bubble to slug or churn-turbulent flow will
take place. This information is usually presented in the form of a flow-
pattern "map” which defines the boundaries where the different types of
flow exist under a given set of conditions.

Most flow-pattern maps have been obtained by performing a number of
experiments over a range of gas and liquid flowrates, fluid properties,
and column diameters and observing the flow pattern through a transparent
section of the column. The observed boundaries between the different
flow types is then mapped onto a two-dimensional plot by selecting
suitable co-crdinates for the two axes. To date no theoretical basis has
been applied to the selection of the co-ordinates, but instead most
researchers have relied on experimental data or dimensional arguments to
prepare their flow-pattern map. With dimensiona] flow-pattern maps
usually the volumetric or mass flowrates are used for the co-ordinate
axes, However, the use of dimensional co-ordinates restricts the use of
the map to other systems. Non-dimensional co-ordinates can be applied by
analysing the variables influencing the system. Some of the more common
dimensionless groups which have been used are:

Je ¥ Ju : 36 3 QQLZDcs ; O ; Mo K 60D

RN ol ol il

The advantage of developing a flow-pattern map based on a dimensionless
co-ordinate system is that it can possibly be applied to other
experimental conditions.

The aims of this chapter are to present a description of the different
models which have been used to calculate the gas void fraction for the
uniform two-phase flow region inside the bubble column. The description
is limited to the singie mixture models of Wallis (1962) and Zuber and
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Findlay (1965), and the separated flow model of Ishii and Zuber (1979).

A review of the different flow-pattern maps which have been developed for
downward flow is then given, with emphasis placed on the transition from
bubbly to slug or churn-turbulent flow, The influence of bubble diameter
on the flow transition is alsoc discussed. Finally, the experimental gas
void fraction, bubble diameter and flow transitions for a range of
operating variables are compared with the predicted values from the

existing models.

6.2 SINGLE MIXTURE MODELS
6.2.1 One-dimensional drift-flux model

The cne-dimensional drift-flux model develeoped by wWallis (1962) can be
used to predict the average gas void fraction of the system. The model
is based on the assumption that the shear stres at the wail can be
neglected and consequently the velocities for both the gas and liguid
phases are constant across the flow area. The model also assumes the
variables of the system are time and position independent (denoted by by
angle brackets, < »). Wallis defines a drift velogcity, v’, for each
phase which is the difference between the component linear velocity, v,
and the total volumetric flux, J, for the mixture, i.e.

Ly = () - £T) : (6.1a)

<u'> = nd - L3>, (6.1b)

where <vc'> and <vL' > are the gas and liquid drift velocities

respectively. The gas and 1iaquid linear velocities are given bv:-

ugy = <Qp : (6.2a)
ALED
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vy = 902 (6.2b)
A(1-{€))

where A is the cross-sectional flow area and <e> is the gas void

fraction. The total volumetric flux, or the superficial velocity as 1t

is often called, is equal to the sum of the volumetric flux values for
the liquid and gas phases:-

<J> = <JG> + (_}L) .

(6.3)
where <Jjs> and <jL> are given by
e = LQg2 (6.42)
A
and
Gy = Lew (6. 4b)
A

Wallis alsc defines drift flux terms <j’s> and <j’L> for the gas and
liguid phases respectively, as being egual to the drift velocity
multiplied by the fractional flow area occupied by the phase, i.e.

<.J.G’> = <’Uef><€.> .

(6.5a)

and

GOy = /> (1-49)

(6.5b)
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By assuming there is no net drift through the plane moving at the
superficial velocity of the mixture, the system can be described by
ana1y§ing the flow equations for either the gas or 1iquid phases.
Considering the gas phase only, (6.5a) can be written using only the
volumetric flux terms and the gas void fraction, i.e.

Ged o= G (1-460) = (e (6.6)

Alternatively, using the linear velocity difference between the gas and
1iquid phases, <vs>, and the gas void fraction:

g2 = Su2-<e7)Ked (6.7)

where <vs> 1s often cailed the slip velocity and is given by

uy = () - vy - (6.8)

Equation (6.6) is a general expression based on the principle of
continuity for the gas and liquid phases while (6.7) contains information
about the properties of the system through the slip velocity term.

Wallis (1969) obtained an alternative expression for the gas drift flux
for systems where the net force was zero, such as in one-dimensional
vertical flow where gravity was balanced by the pressure gradient and the
forces between the components. For this case the gas drift-flux is a
function of the gas void fraction and system properties only, i.e.

(je'? = £ ( e, system properties) . (6.9)

The major influence of the system properties is on the terminal velocity
of the bubbles, (vble, rising in an infinite fluid. 1In this case (6.9)
can be rewritten as
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e? = Wle £(€) (6.10)

where f(e)} is a function of the gas void fraction only. Wallis equated
(6.7) and (6.10) to obtain the expression

{vgy = g (&) (6.11)

CUE)x

which relates the gas void fraction of the system to the slip velocity
between the two phases and the terminal rise velocity of the bubbles.
The gas drift flux for a given set of gas and liquid voiumetric flux
values is found by combining (6.7) and (6.11):

Ge? = (W)e gle)(1-K€2)<KE7 (6.12)

where expressions for g(e) are given in Table 6.1. which contains the
updated list compiled by Deckwer and Schumpe (1987).
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TABLE 6.1 Suggested forms of g(e) reported in the literature

Author gle)

Richardson and Zaki (1954) €(1-€)n  p:d45419.54u /D (Re<SED),
122,39 (Re)s0d},

vhere Fe ={piJibe}/m

Griffith and Wallis (1961) e(1-€)n  pz2 (smil bubbles):
n=0 {iarge bubbles),

Marrucci (1965) e(1-g)2
(1—55!3)
Turner (1966) e(1-€)
Davidson and Harrison (1966) €
Akita and Yoshida (1973) €
(1-e)4

Lockett and Kirkpatrick (1975) €(1~€)2-39(142,55¢3)

Mersman (1978) e y 0 = bubble drag coeff,
(1-e)4Jcp

Kara et al (1982) e(1-€)™ , wz -(5,30041,8080m ).

Shah et al (1983) e(1-€)1-74  (air-water).

e(1-€)2-39(CN)-0.07 (yir-gicohe] soln)
(X = Xo. € atows,
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A typical drift flux curve generated by (6.12) is illustrated in

Figure 6.3. Also shown in Figure 6,3 is the graphical solution to (6.6)

which relates the gas void fraction to the gas and 1iquid volumetric fiux
values.

,//eq 6.12

(jG)

/ eq 6.6

ic (msh

—{iL)

Figure 6.3 Drift flux solution for gas void fraction in
vartically-upward cocurrent gas-liquid flow
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The graph shown in Figure 6.3 is constructed from (6.6) by drawing a line
between the drift flux values for <e> equal to zerc and unity, and

realising that

(i) when «<e> = 0, <je'»>

<je>(1-0) = <jL>0 = <jg» ,

Gad(1=1) = >t =-<¢ju> .

1, <je'>

(ii) when <e>

(N.B. The upward direction has been taken as positive)

The gas void fraction for a given gas and volumetric flux combination is
obtained from the intersection of the continuity based drift—flux line
given by (6.6) and the experimental curve.

6.2.2 Two—dimensional drift-flux mode]

Zuber and Findlay (1965) extended the one-dimensional drift-flux model
developed by Wailis (1962} to account for variations in phase
concentrations and velocities across the flow area. They accounted for
the spatial variation in the gas void fraction and velocity profile by
replacing the time and position average values used by Wallis with
weighted mean values (dencted by [ ]) defined by

(f] = @ Fan = <erd . (6.13)
(ﬁ)ﬁ( € dA e

where F is the quantity under consideration and is weighted for
variations across the cross-sectional flow area A, By replacing the
drift velocity expressions defined by Wallis (1962) with weighted mean
values, Zuber and Findlay obtained

l-_'lfc_/_] = [U@] - [73] » (6.14a)
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and
[w'] = =] -[7] . 6. 145)

By applying the weighted mean definition given by (6.13), (6.14a) and
(6.14b) can be rewritten as

[v'] = L&Y% - LeT> (6. 15a)
(e? (&)
and
(V'] = vy - &7 (6.15b)
&7 &7

Zuber and Findlay (19¢65) define a Distribution Parameter Co, &s

C, = A Jéjd}\ = <eJ> (6.16)
| <)(37
rlenf2 o)

which represents the ratio of the average of the product of the total
volumetric flux and the gas void fraction, to the product of the averages
of the two terms. Considering only the gas drift velocity expression
given by (6.15a), [ve'] is equal to

[v,/] = ey - C,<37 (6.17)
<&y

and realising that

(evgy = (o)

(6.18)
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and
[;ﬁj] = [Ul] - [J-] . (6.14b)

By applying the weighted mean definition given by (6.13), (6.14a) and
(6.14b) can be rewritten as

[v] = L&¥%2 - <eT) . (6,15a)
<e? &y
and
(u'] = vy - e (6.15b)
<& &7

Zuber and Findlay (1965) define a Distribution Parameter Co, as

C, = A JéjdA = eI (6.16)
| <H<37
x{eni2 [}

which represents the ratio of the average of the product of the total
volumetric flux and the gas void fraction, to the product of the averages
of the two terms. Considering only the gas drift velecity expression
given by (6.15a), [ve'] is equal to

(v’ = % - CKI7 (6.17)

and realising that

(El%> = <JG> .

(6.18)
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Equation (6.17) becomes:

Ged = ColTy 4+ Kvgy (6.19)

In order to use (6.19) to calculate <e> from the volumetric flux values
and [ve'], Zuber and Findlay (1965) attempted to predict values for Cs.
In practice the Distribution parameter has been determined experimentally
by plotting <je>/<e> against <J> as shown in Figure 6.4. It can be seen
from the figure that the resultant curve is a straight line which is in
agreement with (6.19). The slope of this line is equal to Co.

5
4 -
3 -
{ia>
’ N hemogeneous flow
<8> 2 Co= 13
; vé= 0;
(ms™') ig> _<%>
(e {-e)
1
Vl
) A
] ! | {
Q 1 2 3 4 5
CJ >, (ms 1)

Figure 6.4 Zuber and Findlay drift flux plot



172

From their experimental observations Zuber and Findlay concluded that:-
{1»x The value of Co depended on the flow and concentration profiles;
(2) For fully established profiles, in axisymmetrical two—phase flow,

Co may range from 1.0 to 1.5 when the gas phase has a higher

concentration in the centre of the flow than at the walls;

{3} When the gas phase is concentrated near the wall Co can have a
value less than unity;

(4) For fully established and constant profiles, Co 1S constant.

TABLE 6.2 Experimentally found Distribution parameter values

Author Co Conditions
Zuber and Findlay (1985) 1 Flat profile
1.5 Peaked profile
Nassos and Bankoff (1967) 1.1 Cocurrent upfiow
{churn turbulent)
Bhaga and weber (1972) 1.0¢ Cocurrent upflow
2.28 Countercurrent gas
upflow
Hatch (1973) 1.065 Cocurrent flow
Hills (1976) 1.16 Cocurrent upfiow
(churn-turbulent)
Merchuk and Stein (1981) 1.03 Cocurrent upflow
Clark and Flemmer (1984) 1.16 Upflow and downflow
(bubbly)
Clark and Flemmer (1985) 0.934 (1 + 1,42 ) Upflow
1.521 (1 - 3.67 ) Downflow
Clark and Flemmer (1986) 0.93 Cocurrent upflow
(bubbly) for € < 0.1
1.2 Cocurrent upflow

(bubbly-slug trans)
for € > 0.1
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A number of studies have since attempted to quantify the values for the
Distribution parameter and Table 6.2 contains a 1isting of experimentaliy
determined values of Co.

The vertical intercept in Figure 6.4 is equal to tne weighted mean gas
drift velocity {vs'], which is equivalent to the unhindered bubble rise
velocity (vs)=. For bubbly flow conditions where the bubble diameter is
less than approximately 0.5 mm, (vb)e i5 given by Stokes Law:

(W) = 5¢p-s) dy . (6,20)
\%}JL

where dv is the bubble diameter. For pubbly flow where the bubble
diameter is greater than 0.5 mm, (vb)= can be calculated from
correlations given by either Peebles and Garber (1953), waljis (1874) or
Grace et al (1976). For churn-turbulent flow, the mean bubble rise
velocity, {(vs)e}a can be calculated using

I\f &
{(Ub)w} = K GS(E’L—FG)J . (6.21)
[ag] el.?-

where K is a constant and is approximately equal to either 1.53
(Harmathy, 1960), 1.41 (Levich, 1562) or 1.13 (Peebles and Garber, 1953).

For slug flow (wb)s is given by Davies and Taylor (1950) as

u/z
(V) = _?-_[9"(6’1-'96)} . (6.22)
3 N

6.3 SEPARATED FLOW MODEL

The fundamental assumption made in single-mixture models is that each
point in the mixture is occupied simultaneously by both phases without
the presence of an interface. This assumption could certainly apply to
gas mixtures but not to systems where a gas is dispersed within a
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continuous 1iquid phase. In the latter case the interaction at the
interface between the two phases has a major influence on the
hydrodynamic properties of the system. To include the effect of
interaction at the interface, a "two-fluid" mode] (Brodkey, 1967) was
developed which considered the continuity, momentum, and energy equations
for each phase separately. The interphase transfer of these properties
was then defined in terms of the constitutive equations of the system,

The two-fluid model for dispersed gas systems has been extended by Ishii
and Zuber (1979) for gravity dominated one-dimensional flow systems
without transient effects or phase change. Their model assumes the axial
component of the momentum equations for the dispersed (gas) and
continuous (liquid) phases are given by

O = -&€dP - €p.q + (M. (6.23a)
dz
and
O = ~(-€)aP - (1-edp.g + (M), (6.23b)
dz

where dP/dz is the pressure gradient in the axial direction within the
mixture and is assumed to be the same for both phases.

In (6.23) (Mi)s and (Mi)L are the interfacial momentum terms for the gas
and 1iquid phases respectively., For conservation of the mixture
momentum, the sum of the interfacial momentum terms acting on the gas and

Tiquid phases must equal zero, i.e.

(Mide + (M), = O . (5.24)

From (6.23a), (6.23b) and (6.24), the pressure gradient within the
mixture is given by (6.25), i.e.
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dz

where Dm={efa+(1-€)0r} is the mean density of the mixture. From (6.23a)
and (6.25),

(Mide = €9 -0n) (6.26a)
or
(Mide = €9 (=€) p.-p) . (6.26b)

For systems where the dispersed gas phase comprises bubbles, the
interfacial drag force acting on the gas phase is given by Zuber (1964)
as

M) = &(Fo)y - €¢(i+2¢€) pL_d_(UG-'u'L)
A 2(1-¢) at

e 1t
+?ef M d (v,~U, ) d¥ . (6.27)
PLM } f' P 67 VL Zl?iiiiz

o
In (6.27) (Fo)b is the drag force acting on a single bubble which has a
radius ro and volume Vo. The absolute viscosity of the mxture is given
by Um . The first term on the right-hand side accounts for the skin
and form drag under steady state conditions. The second and third terms
on the right-hand side are time dependent and relate to tha acceleration
of the apparent mass of the bubble, and the deveiopment of the
surrounding boundary layer respectively.
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For steady state conditions the time dependent terms disappear and (6.27)
becomes

Mde = €(Fn)y . (6.28)
Vi,

Ishii and Zuber combined (6.26a) and (6.28) to obtain an expression for
the steady state drag force:

(Fo)y = qCi-€3(pe-pL)Vy o (6.29)

The steady state drag force is also given by

(7)) = ~1Coo Vo Ay (6.30)

.
2

where vs 1s the s1ip velocity defined by (6.8), Ao 1s the projected area
of the bubble and Cp is the bubble drag coefficient. From (6.29) and
(6.30) the slip velocity is given by

y = {%grb ch—QG)m-o}"z , (6.31)
3Cp O

where Cp is found by assuming that the arag coefficient for the bubble in
the mixture is defined in the same manner as for a bubble in an infinite
fluid. The drag ccefficient (Co)e for a bubble in an infinite fluid in
the viscous regime is given by (6.32a):

(Cp)w = 24{1 + o-a(Reb)iE} i (6.32a)
(Re . )w

where the bubble Reynolds number (Rep)s is based on the 1iqQuid physical
properties. the bubble diameter and the terminal velocity (vb)e of the
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bubble rising in an infinite fluid. The drag coefficient for a bubble in
the two-phase mixture is equal to

L Cas
Co = 24{1+0-1(Rey)mur } (6.32b)

(er) PeEXt

where the mixture Reynolds number (Reb)mixt is based on the liguid
density OL, the bubble diameter dv, the slip velocity ve, and the mixture
viscosity ua . The mixture viscosity accounts for the effect that
neighbouring bubbles have on each other by assuming around each bubble
there exists a liquid boundary layer which restricts the motion of other
bubbles. The net result of the restricted motion is an apparent increase
in the viscosity of the system.

The mixture viscosity is assumed to be a function of the bubble
concentration and viscosities of the 1iquid and gas phases. For
dispersed bubble systems, Ua is given by Ishii and Zuber (1979) as

—-J2s( *0"‘0( + )
M o= (1-¢) (2= Gero i e ).UL} ) (6.33)
My

By substituting both (6.322) and (6.32b) into (6.31) the approximate
relationship for ve is obtained:

07
v = (U)e (-€) T, 1+ 001 (Rey)R " ,  (6.34)
|+ 01 (Re )I7® {¥(éﬁ$/7
where f(e) is approximately equal to {(1-€)uL}/pim . By realising that

vazve'/(1-€) and ve'=ja"/e, (6.33) can be rewritten to obtain the gas
drift-flux, i.e.

e = Wl €G- g(ry") , (6.35)
L+ ol [

where ro* is the non-dimensional bubble radius and is given by
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r

¢ 12
: = eri @L‘?,(Pu"PG)} , ‘(6'36)
S |

and the function g(re*) for the viscous regime is equal to

1 3/4
glry’) = o-ss{ [|+ e 0% (rb")’rh-— l] . (6.37)

Diagram removed for
copyright reasons

Figure 6.5 Flow-regime map for cocurrent downward flow
proposed by Golan and Stenning (1969)
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6.4 FLOW REGIME MAPS FOR COCURRENT DOWNWARD TWO-PHASE FLOW

Flow regime maps have been studied extensively for two-phase horizontal
and vertically upward flow inside channels and reviews of these systems
are given by Hewitt (1982), Rouhani and Sohal (1983), and Dukler and
Taitel (1986). However, relatively few studies for cocurrent downward
gas and tigquid flow have been reported in the literature.

Golan and Stenning (1969) obtained experimental data for two-phase
downflow using an inverted U-tube test section. From their results they
obtained a flow regime map by plotting the superficial liguid velocity
against the superficial gas velocity as shown in Figure 6.5. From the
Figure the "oscillatory flow" regime represented a pulsating flow which
was most Tikely caused by the inherently oscillatory characteristics of
the U-tube arrangement.

Oshinowo and Charles (1974) produced a flow regime map for cocurrent
downflow by plotting the square root of the inlet gas-to-liguid volume
ratio, against the mixture Froude number Freixt, divided by the square
root of the property group Ne, which is defined as

Np = —L- L (638)
{erer}™

where the dimensionless physical properties p’, H* and ¢* were normalised
against the physical properties for water. In (6.38) the Froude number
is based on the column diameter and the total volumetric flux. Their
flow regime map is shown in Figure 6.6,

Spedding and Nguyen (1980) examined systems for vertically upward and
downward two-phase flow. A detailed analysis of their experimental
results indicated the volumetric ratio and the Froude number, based on
the column diameter and the total volumetric flux , were the most

satisfactory parameters to use in fiow regime mapping.



Diagram removed for
copyright reasons

Figure 6.6 General flow regime map for two-phase vertical downflow
proposed by Oshinowo and Charles (1974)

Barnea et al (1982) modelled the transition from pubble to siug flow by
arguing that bubbles greater than a critical diameter (dv)ecrit, no Tonger
behaved as rigid spheres and readily coalesced to form gas slugs. They
assumed (do)crit was equal to twice the diameter at which Taylor bubbles
began to form {Brodkey, 1967), i.e.

12
db) S 2{_0.&_6__ . .
(@o) e ess] (6.39)


hrl417
Diagram removed for copyright reasons
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Barnea et al proposed the bubble-to-slug transition occurred when the
mean bubble diameter (dv)ms inside the pipe reached the value of (dbo)ecrit,
where. (do )= was calculated using the correlation given by

Calderbank (1958), i.e.

: 35 s
(@A), = 0-4-15{3_6]”z+ ona%}{g} 2., (6.40)
JG +JL @‘.

where £s is the specific energy dissipation rate, and for pipe flow it is

given as
E, = _dﬁ{jeﬂl} . (6.41)
dz Pm
where
P = 2f o (i.+3)" . (6.42)
daz Dc Q JG I

The friction factor f in (6.42) is given by

f = o-o78(re (6.43)

-5
P)Ol .

where the Reynolds number is based on the pipe diameter, liquid physical

properties and total volumetric flux.

Finaliy, the transition from bubble-to-sTug flow was fond by equating
(6.38) and (6.40), i.e.

} 1z 3T -ifs
{o.ws{i}/-ro-??jhﬁ“] ESI ) (6.44)

2 026 2
\’GL"Fe)g} Joii ov
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Equation {6.44) is valid until maximum packing of the bubbles is reached,
which, for spheres of equal diameter in a face-centred cubic arrangement,

occurs when

Je

ceSz . (6.45)
Js¥ ju

Il

Beyond this range Barnea et al predicted the transition from
bubble-to-slug flow using the egquation

S = Je{"O'SZJ + (1—0.52)(Ub)a° . (6.46)
0-52.

where (vo)e was taken as the bubble rise velocity under churn-turbulent
conditions, and is given by Harmathy (1960) as

1z
(Bplw = 1453 {jg(PL'PG>6 } . (6.47)
v ,

Crawford et al (1985) studied the transition from bubble to intermittent
flow in vertically downward systems where intermittent fiow was either
plug or churn-turbulent flow. They modified the correlation for upward
flowing systems given earlier by Weisman and Kang (1981) to obtain the

expression
) o 16
J6 = 018 j&+JL.l . (0-65'-—-0‘3[(:05 ¢]o-3), (6.48)
(g0:]" {go)™

where g 1is the angle that the axis of the column is inclined to the

horizontal plane.
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6.5 BUBBLE COALESCENCE

Bach and Pilhofer (1978) discuss the influence of bubble coalescence on
the operation of a countercurrent bubble column where the gas is
introduced through a sparger at the base of the column. Their results
are shown in Figure 6.7.

Diagram removed for
copyright reasons

Figure 6.7 Influence of bubble size on gas void fraction as a function
of gas volumetric flux (after Bach and PiThofer, 1978)

From Figure 6.7 it can be seen that there is a different relationship
between the gas void fraction and the gas volumetrie flux , for each
bubble size. Alsoc, for a given gas volumetric flux the gas void fraction
increases with decreasing bubble diameter. This is due to the lower rise


hrl417
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velocities of the smaller diameter bubbles, resulting in their having a
Tonger residence time inside the column. Consequently, the gas holdup is
higher for the smaller diameter bubbles,

In Figure 6.7 each curve of constant bubble diameter passes through a
maximum value of volumetric flux as indicated by the dotted line. This
1ine is known as the "flooding 1ine” and is the upper 1limit for the gas
volumetric fiux beyond which the liquid is carried in the same direction
as the bubbles. 1In practice the flooding point for a given bubble
diameter is rarely reached, and for increasing gas volumetric filux the
operating point is continuously shifting to curves of larger bubble
diameters. The hetercgeneous flow containing the coalesced bubbles has a
much greater gas handling capacity than the initial homogeneous flow.

Molerus (1S87) has also examined the coalescence of bubbles inside a
bubble column and the transition from homogenecus to heterogeneous flow,
He defines a non-dimensional bubble diameter, dv*, as being equai to

dpy = d.fg = l%Reb{l-r 00347[L“+—,‘:(L‘*)1J}

3fz ra
+ 3(Reb) + (Rey) {o-3+o-4-z4-l_"} s (6.49)

where L* is the dimensionless length ratioc and is given by

* |

/i ]

(6.50)

In (6.50) Q is a packing parameter and has experimentally been found to
equal 0.8. The Reynolds number for the bubble is based on the bubble
diameter, liquid physical properties and the gas volumetric flux when

there is no net liquid flow, i.e.
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Rep, = Pulede (6.51)
Fu

Molerus also defined a dimensionless gas throughput Qa* as

-3
Q.Z = Pt} . J6

(6.52)
e-Ps M9

From (6.49) and (6.52) Molerus found the relationship between the gas
void fraction and the dimensionless gas throughput for different bubble
diameter values. His results are given in Figure 6.8.

Diagram removed for
copyright reasons

Figure 6.8 Gas vold fraction vs non-dimensiona) gas throughput
inside a bubble column (after Molerus, 1987)
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The solid curves in Figure 6.8 represent different values of de, and the
broken Tine represents the flooding limit, beyond which homogeneous flow
cannqt exist. It can be seen from Figure 6.8 the experimental results
(bolded 1ine) follow the constant bubble diameter theoretical curve for
Tow values of Qs*. At higher values of Qg* Tiquid recirculation was
observed by Molerus, which corresponded to a significant increase in the
measured bubble diameter.

The increase 1n the bubble diameter with increasing gas throughput
observed by Molerus (1987), was thought to be as a result of the
instability of the bubbly flow regime, resulting in an increase in the
rate of bubble coalescence and the onset of heterogeneous flow. The
onset of heterogenecus flow can be illustrated using the drift filux curve
for cocurrent downflow as shown in Figure 6.9, which depicts a family of
drift-flux curves corresponding to different size bubbles. The liquid
volumetric flux 1is kept constant.

In Figure 6.9 the experimental drift-flux curve, accounting for bubble
coalescence, is shown as the bolded line. The drift flux curve
corresponding to the initial bubble diameter is given as the intersection
of the measured gas void fraction and the 1ine joining jo and -jL when €
is equal to zero and one respectively. The experimental drift-flux curve
follows the drift flux curve for the initial bubble diameter unti] a
critical gas void fraction eecrst is reached.

It can be seen from Figure 5.9 that when the gas void fraction is
increased beyond ecrit, coalescence takes ptace and a new drift flux
curve, corresponding to a larger bubble diameter, is followed by the
experimental data. The experimental drift flux curve is given by the
intersection of the 1ine joining je and -Ju, when € is equal to zero and
one respectively, with the drift-flux curve for the new bubble diameter.
As the gas throughput is further increased more coalescence will take
place and the experimental drift-flux curve will continue to change to
drift-flux curves corresponding to larger bubble diameters.
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6.6 TRANSITION FROM HOMOGENEOUS TO HETEROGENEOUS FLOW

Iordache and Jinescu (1986) applied a kinetic model to predict the
conditions under which the transition from homogeneous to heterogeneous
flow takes place. The kinetic model is given by

Q
G
+
s
o
o
H

- o (b-0L) + O.MD[UE-(’L&).-;} , (6.53)

where ao and ay are constants, and ¢(wvs) is the distribution function of
the bubble velocity ve within the dispersion containing n bubbles. In
{6.53) the mean bubble velocity (vwb)m is given as

[ 1 o) ay, . (6.54)

(vb> Mmoo _'
n g

Iordache and Jinescu obtained the steady-state homogeneous soiution to
(6.53), and found that

dlvy) = bolvp) (6.55)

I+ 4 {@'rb)rn“%} n

Qo

where ¢=(vb) is the velocity distribution function in the absence of
interactions between the bubbles. Equation (6.55) was found to be valid
only for relatively high concentrations, otherwise the distribution
function becomes negative which 1is impossible. The other condition when
(6.55) becomes impossible to solve is when the denominator is zero, i.e.

a {CU]Drn = qjk.} n==20 .
Qg

or

v, = Qa + [ . (6.56)
-Lb a.—ri (b>m
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Equation (6.56) corresponds to the condition which marks a transition in
the flow regime. When this occurs (6.55) must be replaced by

CD(’U’b) = d)tn(vb)
b+ o, {(Wm-UslN
Jo
+ bn5{1+ _C_}!_[(vb)m_vb]h} s (6.57)
Gn

where b is a constant and & represents the Dirac delta function. The
first term on the right hand side of (6.57) represents the homogeneous
flow of discrete bubbles while the second term on the right hand side
represents the collective flow of bubbles in a swarm. Iordache and
Jinescu applied (6.56) to predict the point at which the transition from
homogeneous to heterogeneous flow takes place.

Iordache and Jinescu also found that for homogeneous flow the gas void
fraction was given implicitly by

¢ = Welm (1-€") (6.58)
(Ub)hﬂ

and for heterogeneous flow by

¢ = wgﬁ—&)m{ Vb S . (6.59)
(Ub) mAax Eu.b)-u gl

where (velaax is the maximum bubble rise velocity and {(vb)elm is the
mean velocity of the bubbles in the absence of interactions..
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6.7 EXPERIMENTAL DESCRIPTION

The eguipment used to determine the gas void fraction for the uniform
two-phase flow zone inside the plunging jet bubble column is 11lustrated
in Figure 3.4. The differential pressure between the 950 and 1000 mm
sampling ports was recorded once the column had reached equilibrium.
This measurement was then converted to give the gas void fraction
reading, using the method outlined in Section 3.4.3.

6.8 EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results discussed in this section are used to examine
the effect of the operating variables, such as Jjet and column diameter,
and jet velocity, on the gas void fraction and stability of the uniform
two-phase region in the lower section of the bubble column. The raw
experimental data is contained in Appendix 1.

Note that in reporting the experimental results the upward direction has
been taken as being positive which is consistent with the previous
sections of this chapter. Therefore, the downward gas and liguid
volumetric fluxes have a negative sign. The absolute value of the liquid
volumetric flux has been used to calculate the Reynoclds number for the
1iquid phase.

6.8.1 Zuber and Findlay drift-flux plots

The ratio of the experimental gas volumetric flux divided by the gas void
fraction, jc/e€, has been plotted against the total volumetric flux J in
Figure 6.10 for a typical experimental run. It can be seen from the
Figure that the data points fall on two straight Tines. The two lines
represent the bubbly and churn-turbulent flow regimes inside the bubble
column. At Tow values of J (low values of js) the bubble concentration
inside the column is insufficient to promote coalescence and bubbly flow
exists. However, as J is increased, the bubble concentration is

sufficient to cause coalescence, and the onset of churn-turbulent flow.
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Figure 6.10 Zuber and Findlay drift-flux plot showing bubbly and churn—
turbulent regimes (Run 26; ¢L = 1000 kg/m®; uL = 0.001 Pa-s;
0 = 0.063 N/m; Dc = 44 mm; O3 = 2.38 mm; vi = 11.5 m/s)

The Distribution parameter and the bubble rise velocity for both the
bubbly and churn-turbulent regimes are given by the slope and vertical
intercept respectively for the Zuber-Findlay drift-filux plot, i.e. when
je/e is plotted against J.
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Values for the Distribution parameter and the bubble rise velocity for
the bubbly and churn-turbulent regimes for the experimental runs are
listed in Table 6.3, where Co and (vb)e have been determined for each run
using the same graphical procedure cutlined in Figure 6.10.

TABLE 6.3 Experimentally determined Distribution parameter and bubble
rise velocity for bubbly and churn-turbulent flow regimes
(P = 1000 kg/m®; . = 0.001 Pa-s; o = 0.063 N/m)

Bubbly Regime Churn-Turbulent Regime
Run Rey ! Co (vo)e Co (vp)e
(m/s) (m/s)
8 14168 1.048 0.036 0.913 -0,00%
16 9570 1.128% 0.057 0.922 0.015
17 6502 1,172 0.058 0,823 0.013
18 4400 1.186 0.054 1.004 0.026
26 1613 1.964 0.060 1.050 0.015
75 3162 1.434 0.045 0.936 0.017
95 2502 1.668 0.039 0.9¢8 0.014

! based on the liguid density and absclute viscosity, the absolute value
for the liquid volumetric flux, and the column diameter.

6.8.2 Bubbly flow regime

(a) Distribution parameter

The values for the Distribution parameter listed in Table 6.3 for bubbly
flow have been plotted against the 1iquid Reynolds number in Figure 6.11.
It can be seen from the graph that Co decreases from a value of
approximately 2 at low Reynolds number, and rapidly decreases with
increasing Re. to approach a steady value of approximately unity for
liquid Reynolds numbers greater than 10000.
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Figure 6.11 Distribution Parameter vs liquid Reynolds number for bubbly
flow (PL = 1000 kg/m®; w. = 0.001 Pa~s: o = 0.063 N/m)

It can also be seen from Figure 6.11 that the curve can be broadly
divided into two separate regions, relating to laminar (ReL < 5000) and
turbulent (ReL > 5000) liquid flow. For the laminar Tiquid flow regime
the Distribution parameter is primarily determined by the parabcelic
velocity profile where the centreline velocity is higher than the mean
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velocity, According to Zuber and Findlay (1965) this type of liguid
velocity profile will result in a value of Co greater than 1. The gas
phase will be uneventy distributed across the diameter of the ¢olumn, As
the liquid volumetric flux through the ¢olumn is increased, the velocity
profile becomes flatter resulting in a decrease in the value of Co. The
results in Figure 6.1% suggest that for Re. > 10000, the gas phase is
uniformly dispersed across the diameter of the column resuiting in a
constant vaiue of 1 for Co.

(b) Bubble rise velocity

The bubble rise velocity values listed in Table 6.3 for the bubbly flow
regime, have been used in conjunction with Stokes Equation (6.20) to
determine the bubble diameter. The calculated bubble diameter values are
listed in Table 6.4. Also included in the Tabie are the Sauter mean
values for the measured bubble diameter distributions,

TABLE 6.4 Sauter mean and calculated bubble diameters for bubbly flow
(L = 1000 kg/m*; L = 0.001 Pe~s; o = 0.063 N/m)

Bubble diameter (um)

Run
Sauter calculated 2
8 285 240
16 296
17 289 300
18 300
26 320
75 424 300
95 474 280

' from measured bubble diameter distributions given in Appendix 3.
2 calculated from (6.20) using (vb)e listed in Table 6.3.
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It can be seen from Table 6.4 that the calculated values of the bubbie
diamgter ranged from 240 to 320 um with most of the values approximately
equa1'to 300 microns. This value generally agreed with the bubble
diameter measurements.
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Figure 6.12 Experimental drift-flux curve showing regions of no observed
coalescence (e), and coalescence (¢} [ Run 26; D; = 2.38 mm;
Dc = 44 mm; vy = 11.5 m/s; 0L = 1000 kg/m®; wm = 0,001 Pa-s;
o = 0.063 N/m]
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6.8.3 Transition from bubbly to churn-turbuilent flow

The trfansition from bubbly to churn-turbulent fiow is best illustrated by
plotting the measured gas void fraction against the gas volumetric drift-
flux, je', as shown in Figure 6.12. Also shown in Figure 6.12 are the
gas, Jja, and liguid, jL, volumetric flux data points which have been used
to generate the experimental drift-flux curve, where the curve is given
by the intersection of the line joining js ( at €=0) and -ju ( at e=1),
and the measured gas void fraction.

In Figure 6.12 the solid circles (®) represent those data points where
no coalescence was observed and they were used the generate the drift-
flux curve (shown as the solid line} for the initial bubble diameter,
The open circles (O) are those data points where coalescence was
observed and they mark the onset of churn-turbulent flow. The point at
which the 1ine joining js and -jL, and passing through the last data
point prior to coalescence, intersects the horizontal axis of the graph
is the critical gas void fraction, under no s1ip conditions, before
bubble coalescence starts. It can be seen from Figure 6.12 that this
occurs at a critical gas void fraction of approximately 0,34,
Experimentally determined values of the critical gas void fraction

{ no slip condition) for the remaining runs are listed in Table 6.5.

TABLE 6.5 Critical gas void fraction (no slip) vs liquid Reynolds
number ( QL = 1000 kg/m®; pL = 0.001 Pa-s; o = 0.063 N/m)

Run ReL €crit
8 14168 0.17
16 8570 0.20
17 6502 0.19
18 4400 0.17
26 1613 0.34
75 3162 0.21

95 2502 G.23
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It can be seen from Table 6.5 that the average vailue of €crit is
approximately equal to 0.20 for turbulent liquid flow { ReL > 2000).

The value of 0,2 for e€crit is in agreement with the observations of
Herbrechtsmeier and Schafer {1982) who reported the onset of coalescence,
and the formation of large bubbles in a downflow reactor when the gas-to-
Tiquid volumetric flow ratio was reduced below 0.25. If there was no
slip between the gas and liquid phases then this ratio would correspond
to a gas void fraction of twenty percent.

It can alsc be seen from Table 6.5 that a vaiue of 0.34 was obtained
under laminar liquid flow conditions ( ReL < 2000) which is higher than
the value found for turbulent liquid flow. This result suggests the
mechanism for coalescence is initiated at a lower gas phase concentration
when 1iquid phase is turbulent. A possible reason for this result is
that the probability of bubble coalescence taking place at lower gas
phase concentrations is increased by the increased motion of the bubbles
in turbulent flow.

The experimental drift-flux curves were used to determine the rate of
bubble coalescence once the gas void fraction was increased beyond the
critical gas void fraction value. Figure 6,13 contains the same
experimentatl drift-flux data given in Figure 6.12 plotted on an expanded
vertical scale. Also shown in the figure is the theoretical drift-flux
curve which has been predicted from (6.35) using the appropriate
calculated bubble diameter given in Table 6.4.

It can be seen from Figure 6.13 that the experimental data points follow
the theoretical drift-fiux curve for the initial bubble diameter prior to
coalescence. Howaver, when more gas is introduced to the system such
that the gas void fraction is increased beyond ecrit, the data values
deviate from the curve. The deviation is caused by the onset of
coalescence and the resuiting increase in the bubble diameter. The
system drift-flux curve now corresponds to a new equilibrium bubble
diameter which is controlled by the rate of coalescence and the bubble
breakup forces. Subsequent additions of gas to the column result in
increases in the bubble diameter and changes in tha drift-flux curve.
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Figure 6.13 Experimental drift-flux curve ( Run 26; D3y = 2.38 mm;
Be = 44 mm; v3 = 11.5 m/s; QL = 1000 ka/m3:

Ht = 0.001 Pa-s; o = 0.063 N/m)

It can be seen from Figure 6.13 that the experimental drift-flux curve in
the region of bubble coalescence (open circles) increases linearly with
increasing gas void fraction. The slope of this 1ine can be thought of
as a measure of the rate at which bubble coalescence occurs as a result
of increasing gas void fraction. The gradient of the 1ine fitted to the

data points where coalescence was observed, jec'/e,

was obtained from the

1.0
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experimental drift-fiux curves, and the resultant values for jo' /€ have
been plotted against the liquid Reynolds number as shown in Figure 6.14.
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Figure 6.14 Gas drift-flux gradient vs liquid Reynolds number for
bubbie coalescing regime (QL = 1000 kg/m?:
HL = 0.001 Pa-s; o = 0.063 N/m)

It can be seen from Figure 6.14 that for liguid Reynolds numbers below
approximately 6000 the data points follow a straight line. This result
is consistent with (6.6) where <jgc'/€> is directly related to <j.> if the

intercept value, <ja>(1-<e>)/<e>, is assumed to be constant.
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From Figure 6.14 it can be seen that the vertical intercept of the
experimental curve is negative, which is also in agreement with (6.6) as
<Jo> was always in the negative downward direction for the experimental
runs.

It can also be seen from Figure 6.14 that jo'/e approaches a constant
value as the liguid Reynolds number is increased beyond 6000, which
suggests that the rate of bubble coalescence, and hence the rate of
departure from the initial drift-flux curve, is constant when the liquid
phase is fully turbulent. This is possibly due to an equilirium being
reached between the breakup and coalescing forces acting on the bubbles.

6.8.4 Churn-turbulent flow

As indicated in Section 6.8.3 the development of churn-turbulent flow is
marked by the onset of bubble coalescence. The characteristics of the
churn-turbulent flow can be modelled using the Zuber and Findlay (1985)
drift-flux analysis once the Distribution parameter and the bubble rise
velocity have been determined.

(a) Distribution parameter

The experimental values for the Distributien parameter, Co, and the
unhindered bubble rise velocity, (vb)e, for the churn-turbulent regime
have é]ready been given in Table 6.3. 1In Figure 6.15 Co has been plotted
against the 1iguid Reynolds number.

It can be seen from Figure 6,15 that the resultant curve is similar to
that given in Figure 6.11 for the bubbly flow regime. The magnitude of
the Distribution parameter, however, is less than those cbtained for
bubbly flow and refiects the observation that for churn-turbulent flow
the larger bubbles preferentially rise near to the column wall,
Consequently, the gas phase concentration is greater near the wall,
resulting in lower values for Ca.
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If the laminar-to-turbulent flow transition is assumed to occur at a
liquid Reynolds number of approximately 3000, then it can be seen from
the Figure 6.15 that the Distribution parameter is different for the
laminar and turbulent liquid flow regimes. This is due to the difference
in the 1iquid velocity profiles for the two flow regimes; where the
turbulent regime will give & lower value for o as a result of its
flatter velocity profile.
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Figure 6.15 Distribution Parameter vs liquid Reynclds number
for churn-turbulent flow (©v = 1000 ka/m?;
Ht = 0,001 Pa-s: o = 0.063 N/m)
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(b) Bubble rise velocity

From the resuits listed in Table 6.3 it can be seen that the mean value
of the unhindered bubble rise velocity for the churn-turbulent flow
regime was approximately equal to 0.017 m/s which is not in agreement
with the value of 0.2 m/s calculated from (6.21). The reason for this is
that in most of the experimental runs the maximum total volumetric flux
down the column was less than the rise velocity of the bubbles,
Consequently, the bubbles were able to return to the headspace at the top
of the downcomer. It is not clear as to how the recycling of the gas
phase can be included in the Zuber and Findlay drift-flux analysis. It
is clear from the experimental results, however, that the recycled gas
stream does influence the vertical intercept of the drift-flux plot, and
that its value is no longer (vp)e.

(c¢) Gas void fraction

In Figure 6.16 the measurea gas void fraction, €seas, has been piotted
against the gas-to-liguid volumetric flow ratic for the churn-turbulent
flow regime. It can be seen from the graph the gas void fraction
increases with increasing value of the Qs/QL ratio for each run. It can
also be seen that all of the experimental curves 1ie above the iine
representing the no slip condition between the two phases. This result
suggests that slip, of varying amounts, was occurring for each run.
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Figure 6.16 Measured void fraction, €seas, v8 gas-to-liquid flow ratio
[run 8 (LA), 16 (M), 17 (@), 18 (O), 26 (A), 75 (A),
95 (0); oL = 1000 kg/m®; L = 0.00% Pa-s; o = 0.063 N/m]
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It was thought that if the effect of the slip velocity, vs, on the gas
void fraction could be taken into account, then the modified experimental
gas vbid fraction measurements should fall on a single curve. To test
this idea a modified gas void fraction, emca, was defined such that

E—mod emms - e.t,c:;r'r- ] (6.60)

where €corr 1S the gas void fraction correction factor. An expression
for €corr can be obtained by assuming that it is function only of the
liquid volumetric flux and the bubble rise velocity, i.e.

= Ub + )

€ corr Gy (_)'L_J_'- . (6.61)
Ju

where C1 is a constant, and (vb)e is the bubble rise velocity. By

assuming a value'® of 0.18 m/s for the bubble rise velocity, (6,81)
becomes

ec.orr = Cl _o.i_sigj_&_ . (6.62)
Je

A value for C1 was obtained by fitting (6.62) to the experimentally
determined €corr values listed in Table 6.6 for the turbulent liquid
regime (Re. > 2000), By applying a least squares fit to the experimental
results Ci was found to be -0.045 with a standard deviation of 0.031.
Substituting this value into (6.62) gives

éwrr = -0-045 ol'lg'+JL . (6-63)

Ju

16 The average bubble rise velocity of 0.18 m/s was obtained for
the churn-turbulent regime from (6.21) using a value of
1.13 (Peebles and Garber, 1953) for K.
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From (6.60), the gas void fraction correction factor 1s egual to the
vertical axis intercept when the measured gas void fraction is plotted
against the gas-to-liquid volumetric flow ratio, i.e. €corr is egual to
the measured gas void fraction when the liquid volumetric flux is
extrapolated to zero flow. The experimental curves given in Figure 6.16
were extrapolated to zero gas-to-liquid volumetric flow ratic to obtain

the experimental values for e€corr listed in Table 6.6.

The experimental values for the gas void fraction were applied to (6.60)
to obtain the modified gas void fraction curves, and these are shown 1in
Figure 6.17. It can be seen from the Figure that almost all of the data
points fall on a single curve. Those points which do not lie on the
curve correspond to laminar liquid flow conditions ( Rev < 2000), whereas
for the remaining data points the flow is turbulent.

It is thought that, at low gas-to-liquid flow ratios, the parabolic
velocity profile for laminar fiow could result in a greater amounts of
siip between the phases. This would resuit in a higher gas void fraction
for Taminar flow. As the gas-to-liquid flow ratio is increased the
presence of bubbles would flatten the liguid velocity profile across the
column, giving rise te closer slip velocity values for iaminar and
turbulent flow. This would lead to similar gas void fractions for
laminar and turbulent flow when the gas-to-liquid flow ratioc is increased
as shown in Figure §.17.
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The experimental values for €corr are listed in Table 6.6 which also
includes the predictions from (6.63).

TABLE 6.6 Experimental and predicted values for the gas void fraction
correction factor, €corr. (PL = 1000 kg/m®; . = 0.001 Pa-s;
¢ = 0.063 N/m)

Run ReL Ju c1! Correction factor
(m/s) Experimental From (6.63)2

8 14168 ~0.299 -0.083 -0.033 -0.018
16 9570 -0.174 -0.087 0.006 0.002
17 6502 -0.133 -0.028 0.002 0.016
18 4400 -0.090 -0.024 0.087 G.045
26 1613 -0.033 0.027

75 3162 -0.047 -0.,023 0.064 0.127
g5 2505 -0.029 -0.023 0.097 0.234

__;ean :Bt045

1 calculated from (6.62) using =31 and the experimental values for €corr
2 calculated from (6.632) using C1 equal to -0.045

In Figure 6,18 the gas void fraction correction factor has been plotted
acainst the 1iquid volumetric flux where it can be seen that both the
predicted and experimental values for the gas void fraction correction
factor increase with decreasing liguid volumetric flux. The greatest
deviation between the predicted curve and the experimental data occurs
when the liquid flow is laminar. This observation suggests that the
constant C1 in (6.61) is a function of the type of flow within the liquid
phase, where the value for C1 is likely to be less for the laminar regime
than that for the turbulent liquid flow regime.
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Figure 6.18 Void fraction correction factor vs liquid volumetric flux
[ ReL > 2000 (®), Rer < 2000 (O); pL = 1000 kg/m?;
o = 0.001 Pa-s; o = 0.083 N/m]

6.9 SUMMARY

The following results have been obtained for the uniform two-phase flow
zone within the plunging jet bubble column:-

(1) From the Zuber and Findlay (1965) drift-fiux anmalysis the results

indicate that for each experimental run a transition from bubbly



(2)

(3)
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to churn-turbulent flow takes place. For bubbly flow, when the
liquid flow is laminar the Distribution parameter rapidly

" decreases with increasing liguid Reynolds number to a value of

unity. For the liquid turbulent flow the Distribution parameter

is constant at a value approximately equal to unity.

For turbulent liquid flow when there is no slip between the gas
and liquid phases the onset of bubble ccalescence, angd the
transition from bubbly to churn-turbulent flow, occurs at a gas
void fraction value approximately equal to 0.2. For laminar
1iquid flow under no slip conditions, the onset of coalescence
occurs at void fraction values greater than 0.3.

when slip takes placs the experimental drift-flux curve can be
predicted using the separated flow model of Ishii and Zuber
(1978), provided that the initial bubble diameter is known. Under
thesé conditions the onset of cocalescence for both laminar and
liguid flow occurs at higher gas void fraction values than when
the drift-flux is zero.

For the churn-turbulent flow regime the modified gas void fraction
can be used to collapse the data from all of the experimental runs
onto a single curve. The modified gas void fraction is defined
using a gas void fraction correction factor, which is directly
proportional to the ratio of the bubble rise velocity to the
tiquid volumetric flux. The proportionaiity constant in the
expression for for ecorr was found experimentally to equal

approximately -0.045 for turbulent ligquid flow.
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Chapter 7

OVERALL OPERATING CHARACTERISTICS

7.1 INTRODUCTION

The downcomer section of the plunging jet bubble column consists of four
main regions, namely the free jet, plunging jet, mixing zone and uniform
two-phase flow zone, The hydrodynamics of each ¢f these regions have
been examined separately in earlier chapters. However, it is the
interactions between the processes occurring in these regions which

determines the operating characteristics of the overall system,

In this chapter the combined hydrodynamic characteristics of the
downcomer are discussed from the point of view of designing a downcomer
suitable for industrial application. Emphasis is placed on the effect of
recirculation of both gas and liquid phases on the stable operating range
of the system.

7.2 FREE JET

The characteristics of the free jet are primarily determined by the
geometry of the nozzle and also the levels of turbulence present in the
jet deiivery system, as described in Appendix 2. The nozzle geometry and
level of upstream turbulence are set before the jet leaves the nozzle,
and determine whether the free jet will have a “rough” or "smooth”

surface. In addition, once the jet leaves the nozzle the magnitude of
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the disturbances on its free surface is increased by increasing the
frictional resistance of the gas phase. When the relative velocity
betweeh the jet and the gas phase is low, this effect is negligible.
However, at high relative velocities the frictional resistance can
increase significantiy the roughness of the jet surface, leading to an

increase in the overall rate of entrainment of the plunging jet.

From an operating viewpoint it is desirable to use rough jets because
they give higher rates of entrainment. Therefore, the gas volumetric
flux in the region of the free jet should be minimised by using the
maximum downcomer diameter possible. However, it should be noted that
the downcomer diameter has a significant influence on the characteristics
of the remaining regions, as discussed below.

The interaction between regions starts in the headspace through which the
free jet passes prior to plunging in the receiving gas-liquid phase. The
bubbles, which have risen against the bulk downward fliow inside the
downcomer, accumulate in the headspace where they are re-entrained by the
plunging jet. The recycled gas associated with these bubbles effectiveiy
reduces the capacity of the jet to entrain "new” gas feed.

IT mcre gas is added to the downcomer, the length of the free jet
automatically increases, thereby increasing the effective diameter of the
Jjet at the plunge point, as discussed in Chapter 4. The increass in the
effective diameter of the jet increases its entrainment rate to handle
the addition of gas, ard in this sense the jet is “self-regulating”. 1If
the length of the free jet is increased the length of the two-phase
mixture inside the downcomer is reduced, thereby reducing the residence
time of the bubbles. Also associated with an increase in the free jet
length is an increase in the bubble diameter which reduces the
interfacial area inside the downcomer. Consequently it is important to
minimise the free jet length, which can be achieved by ensuring the rate
of recycled gas returning to the headspace is kept to a minimum.
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7.3 PLUNGING JET

Entrainment takes place by two mechanisms described in Chapter 4. Part
of the entrained gas is trapped within the effective jet diameter, and
the remaining gas is contained in the film between the surfaces of the
free jet and the induction trumpet in the receiving liquid. These two
entrainment components are subjected to shearing forces of differing
magnitudes once they have entered the receiving Yiquid. The gas inside
the effective jet diameter enters the submerged jet region nearer to the
centre of the flow field where the radial velocity gradient is at a
minimum. Consequently, the bubbles produced in this region are larger
than those bubbles produced from the gas film entering the high shear
zone between the boundary of the submerged jet and the relatively slow
moving surrounding liquid. The smaller bubbles produced from the
filmwise component produce a high interfacial contact area, and are less
likely to be recycled into the headspace inside the downcomer.
Therefore, it is desirable to maximise this component of the entrainment
mechanism.

The thickness of the entrained film is determined by the magnitude of the
disturbances generated on the free surface of the induction trumpet.

When the disturbances are the same size as the thickness of the film the
gas will be cut off from the headspace above it and carried below the
liguid surface, The point at which the induction trumpet is truncated is
controlied by the physical properties of the ligquid. If the disturbances
are large the induction trumpet will be truncated at a point closer to
the horizontal surface of the receiving liquid, resulting in a greater
rate of filmwise entrainment.

The rate of filmwise entrainment can be increased by increasing either
the velocity or diameter of the jet, both of which lead to an fncrease in
the volumetric flow through the jet. The filmwise entrainment rate is
propertional to the jet diameter while the volumetric flowrate through
the jet is proportional to the square of the jet diameter. Consequently,
if the jet diameter is increased in order to increase the entrainment
rate, the gas-to-liquid volumetric flow ratio will be decreased, thus
reducing the interfacial area. It is therefore better to increase the
entrainment rate by increasing the jet velocity thus maintaining the same

gas-to-liquid volumetric flow ratio as the entrainment rate and the
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volumetric flow through the jet are both proportional to the jet
velocity.

The rate of filmwise entrainment can also be increased by in¢reasing the
velocity of the free surface of the induction trumpet, which is
equivalent to the recirculating eddy maximum velocity. The recirculating
eddy maximum velocity increases with decreasing columnn diameter.
Therefore the entrainment rate can be increased, for a fixed jet
volumetric flowrate, by decreasing the diameter of the column.

7.4 MIXING ZONE

The mixing zone, which is primarily the region where the bubbles are

generated, comprises the recirculating eddy and submerged jet streams.

The recirculating eddy 1s generated by the radial diffusion of jet
momentum jnto the liquid surrounding the submerged jet. Momentum is
dissipated by the jet in the radial direction due to the velocity and
density difference across the submerged jet - surrounding 1iquid
boundary. The velocity of the liquid surrounding the submerged jet
increases due to a gain in momentum while the velocity of the liquid in
the submerged jet decreases. Consequently, the submerged jet expands
until it reaches the walls of the downcomer and the surrounding liquid
forms a closed loop bounded by the submerged jet, the receiving liquid
surface and the downcomer walls. Inside the surrounding 1iquid volume a
circulating motion is developed, hence the name "recircuiating eddy"”.

The recirculating eddy is a cliosed body of liquid separated from the
1iquid inside the submerged jet. Radial jet momentum will diffuse into
the recirculating eddy as long as a velocity difference exists across the
recirculating eddy - submerged jet boundary. If there is no momentum
dissipation within the eddy, its velocity will increase until the
velocity difference across the recirculating eddy - submeroged jet
boundary is equal to zero.

In practice recirculating eddy momentum 1s dissipated at the downcomer

wall due to the shear stress acting against the direction of flow. The
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area over which the shear stress acts depends on the downcomer diameter
and the length along the downcomer where the submerged jet reaches the
wall. This area can be reduced by either reducing the downcomer diameter
or by increasing the submerged jet angle. However, by reducing the
downcomer diameter the velocities inside the recirculating eddy are
increased which will reduce the rate of dissipation of radial jet

momentum and decrease the submerged jet angle,

The velocity profile generated within the recirculating eddy is important
for two main reasons. Firstly, the velocity at the boundary of the eddy,
which forms the free surface of the induction trumpet, controls the rate
of filmwise entrainment. Secondly, the velocity profile, and in
particular the boundary velocity of the recirculating eddy, influences
the expansion of the submerged jet. It should be noted, however, that
the recirculating eddy and the submerged jet are highly interactive: the
rate of expansion of the submerged jet determines the velocily inside the
recircuiating eddy by defining the area over which the wall shear stress
acts.

The volume 1n wnich jet energy is dissipated in the process of bubble
generation is determined by the expansion of the submerged jet. The mean
bubble diameter is directly related to the energy dissipation rate per
unit submerged jet volume. Therefore, if small bubbles are required, it
is necessary to reduce the volume of the submerged jet. However, it is
not clear how this can be achieved because of the effect of variables
such as column diameter and jet voiumetric flowrate on the interaction
between the recirculating eddy and the submerged jet.

The bubble diameter is a key variable in the operating characteristics of
the downcomer section. In combination with the gas and ligquid volumetric
flux terms, the gas void fraction and the guantity of recycled gas are
determined by the bubbte size. Both the gas void fraction and the
recycled gas component increase with increasing bubble diameter with the
resultant increase in bubble rise velocity. The relative bubbie rise
velocity can be reduced by increasing the downward liquid volumetric
flux, however this reduces the gas-to-liquid flow ratio into the column
for a fixed gas input. In order to maximise the gas-to-liquid flow ratio
whilst maintaining stable operation, it would be preferable to increase
the downward volumetric liquid flux by decreasing the column diameter.
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The density of the mixture is also determined by the relative velocity
difference between the total downward volumetric flux and the bubble rise
velocity, particularly inside the recirculating eddy where the bubble
concentration appears to be higher than in the submerged jet region.

Such a density difference would affect the rate of radial dissipation of
jet momentum across the submerged jet - recirculating eddy boundary,
thereby influencing the expansion of the submerged jet.

7.5 UNIFORM TWO PHASE FLOW ZONE

The interactions between the plunging jet and mixing zones result in a
uniiform two-phase downward flow which begins immediately below the
submerged jet region. The gas void fraction and type of flow in the
uniform two-phase flow region depend on the gas and 1iquid volumetric
flux, and the rise velocity of the bubbles. At gas void fractions below
approximately 0.3, bubbly flow occurs. However, a gas void fraction of
0.3 represents a maximum gas-to-ligquid volumetric flow ratio of 0.43. In
most applications the aim is to achieve a gas-to-liguid flow ratic of at
least 1, which means that it is impractical to operate under ideal bubbly
flow conditions.

For gas-to-liquid flow ratios of 1, the flow within the uniform two-phase
flow zone- becomes churn-turbulent, where the bubble rise velocity is of
the order of 0.3 m/s (Harmathy, 1860). It is important, therefore, when
operating under churn-turbuient conditions to maintain the downward
volumetric liquid flux inside the downcomer above 0.3 m/s to prevent gas
from recycling to the top of the column. In some cases the coalesced
bubbles can bridge across the flow area to form a Dumitrescu bubble. The
rise velocity for a Dumitrescu bubble is given by

u, = o.4%{9RC]'lz . (7.1)

From (7.1) it can be seen that the velocity is a function of the column
radius, and the downward superficial liquid volumetric flux required to

prevent the Dumitrescu bubble returning to the headspace at the top of
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the downcomer will need to be increased with increasing column radius,
For columns with a radius greater than approximately 40 mm, the minimum
downwapd liquid volumetric flux is determined by the rise velocity of the
Dumitrescu bubble. For columns with a radius less than 40 mm the minimum
liquid flux is approximately 0.3 m/s, which is equivaient to the rise
velocity of the churn turbulent bubbles.

7.6 STABILITY AND OPERATING RANGES

The operating range of gas throughput is controlled by the entrainment
characteristics of the plunging jet. As more gas is introduced the free
jet length will reach a new equilibrium value which gives the plunging
jet the required entrainment characteristics. Fcr a fixed downcomer
Tength an increase in free jet lencth results in a corresponding decrease
in the volume of the two-phase fiow region, which in turn results in a
decrease in the interfacial contact area. The minimum interfacial area
required to carry out the process will therefore 1imit the maximum
operating gas throughput for a fixed jet and downcomer system.

To overcome the reduction in interfacial area resulting from an increase
in the free jet length, the length of the uniform two-phase flow zone can
be increased by increasing the length of the downcomer. However, the
stability of operation inside the downcomer is determined by the flow
within the uniform two-phase flow zone, particularly the formation of
Dumitrescu bubbles due to coalescence. The presence of a Dumitrescu
bubble will restrict the flow of gas through the downcomer resulting in
an increase in pressure at the top of the froth phase. This will cause a
drop in the froth level, and in the extreme case, the complete collapse
of the system. To prevent the formation of Dumitrescu bubbles due to
coalescence, it is advisable to minimise the length of the uniform two-
phase flow zone where coalescence is most likely to occur. Also, the
rate of coalescence is increased with increasing initial bubble diameter,
and one of the effects of increasing the free jet length is an increase
in bubble diameter. Therefeore, it is also advisable to operate the
downcomer with the shortest free jet length possible whilst still
maintaining the reauired gas throughput.
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Chapter =8

CONCLUSIONS AND RECOMMENDATIONS

The results of this study have shown that the entrainment rate for a
plunging liquid jet can be attributed to two different entrainment
mechanisms: the gas contained within the boundary of the effective
diameter of the jet at the plunge pcint, and the gas contained within the

film between the induction trumpet and the free surface of the jet.

The rate of filmwise entrainment was obtained from the experimental
results by extrapolating the total entrainment curve, plotted against the
effective jet diameter, to the point of zero jet expansion. At this
pecint the amount of gas contained within the effective jet diameter was
zero and the measured entrainment rate could be attributed only to the
filmwise component. The experimentally determined filmwise entrainment
component was used to calculate the film thickness by realising that the
flow inside the fiim was laminar, and that the boundary velocities were
those of the free jet and the induction trumpet surface. It was assumed
that the free surface of the induction trumpet followed the path of the
“recirculating eddy” which consisted of the ¢losed body of fluid
circulating in the region between the boundary of the submerged jet and
the downcomer wall. The velocity profile inside the eddy, and hence the
velocity of the free surface of the induction trumpet, was found by
applying the condition of solid body rotation to the liquid inside the
recirculating eddy, whose volumetric flowrate was calculated using the
empirical correlation proposed by Barchilon and Curtet (1964) for
confined jets.
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The calculated film thickness was found to be of the same order of
magnitude as those predicted from thin film theory given by Levich (1962)
for the constant thickness region of the film formed on a wire being
withdrawn from a 1iguid bath. It was also found that the agreement
between the predictions and the calculated film thickness was improved as
the kinematic viscosity of the liquid was increased. This was because
the increase in the viscous force prevented the gas film from rupturing
prior to attaining a constant thickness. When the viscous force was not
able to attenuate the disturbances on the induction trumpet free surface,
the film was ruptured prior to attaining a region of constant thickness.
This resulted in a greater rate of filmwise entrainment than was
predicted from thin film theory.

It was also found from the experimental results that the initiation of
filmwise entrainment depended on the free surface of the induction
trumpet surface reaching a critical minimum velocity. This finding may
be used to explain the wide range in the reported values of the minimum
jet velocity necessary to initiate entrainment. The variation in the
observed jet velocity seems likely to be due to the use of different
diameter receiving vessels. The vessel diameter determines the jet
velocity at which the induction trumpet surface reaches the critical
velocity for the system under investigation. For the ajr-water system it
was found that the critical velocity for the induction trumpet free
surface was 0.4 m/s which was independent of the jet conditions and the
downcomer diameter.

Once the gas was entrained it was assumed that the bubbles were formed
within the volume occupied by the submerged jet where the volume was
defined as the cone having a half angle of e and base equal to the
diameter of the downcomer. The half angle was found experimentally by
measuring the distance along the downcomer where the submerged jet
reached the wall. The measured values for @ were found to be in good
agreement with those predicted from a model based on the rate of
diffusion of jet momentum in the radial direction. The radial diffusion
of jet momentum was found to be a function of the wall shear stress
resisting the motion of the recirculating eddy and the Euler number for
the jet-downcomer system, based on the jet velocity and the absolute

pressure in the headspace at the top of the downcomer.
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The maximum stable bubble diameter for the submerged jet volume was
calculated from a model which used a critical Weber number value of 1.1,
and assumed the energy dissipation rate per unit volume was equivalent to
the energy mixing loss given by Cunningham (1974) for the throat section
of a liquid-jet-gas-pump. This assumption was based on no heat
generation within the submerged jet volume. In general it was found that
the predicted maximum bubble diameter was in agreement with the measured
value. It was also found that for the study the average value of the
ratio of the Sauter mean to maximum diameter was 0.61, which was similar
to reported values for mechanically agitated systems.

It was found that for turbulent 1iquid conditions in the uniform two-
phase flow region inside the downcomer, a transition from bubbly to
churn-turbulent flow occurred at a gas void fraction of approximately 0.2
when the gas drift flux was equal to zero. For all experimental runs,
however, the gasj??ift flux was not zero and the flow transition was
observed at gas veoid fraction values higher than 0.2, depending on the
amount of drift between the gas and liguid phases. Under laminar 1igquid
flow conditions the same transition took place at a much higher gas void
fraction value,

The transition from bubbly to churn-turbulent flow was marked by a change
in slope of the experimental line obtained from Zuber and Findlay (1965)
drift-flux analysis. For the bubbly flow regime under laminar liquid
conditions it was found that the distribution parameter C, was greater
than unity. As the 1iquid Reynolds number was increased the value of Co
rapidly decreased to approach unity under fully-turbulent flow. This
trend indicated a more uniform distribution of the gas phase across the
downcomer area as the 1iquid Reynolds number was increased,

For the churn-turbulent flow regime it was found that the experimental
data for turbulent liquid flow could be collapsed onto a single curve
when the modified gas void fraction was plotted against the gas-to-liguid
volumetric flow ratio. The modified gas void fraction was obtained by
applying a correction factor to the measured gas void fraction values to
account for the difference in the bubble slip velocity between the
experimental runs. There was also an indication that the constant in the

correction factor was different for Taminar liquid flow conditions.
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Prior to the onset of bubble coalescence it was found that the
experimental drift-flux curves could be fitted using the separated flow
model proposed by Ishii and Zuber (1979) where the calculations were
based on the Sauter mean diameter of the bubbles generated within the
mixing zone of the downcomer., Once coalescence was jnitiated it was
found that the experimental data departed from the original drift-fiux
curve and the drift-flux increased linearly with increasing gas void
fraction. The slope of this line was found to increase with increasing
1iquid Reynolds number until a constant value was reached under fully
turbulent liguid flow conditions,

The bubble diameter was found to play an important role in the overal?l
operating characteristics of the downcomer. The interfacial area was
maximised by generating the smallest sized bubbles possible and alse by
reducing the free jet length for a fixed downcomer length. The
possibility of gas being recirculated to the headspace at the top of the
downcomer was reduced by ensuring the volumetric ligquid flux down the
column was always greater than the rise velocity of the bubbles. It was
found that the most stable operating conditions were obtained for the
smallest diameter column used in conjunction with high throughput jets
where the tip velocity was at least 10 m/s.

Recommendations for further work

This thesis has highlighted areas of research which require further
examination:=

(1) experimental verification of the volumetric flowrate and velocity
profile inside the recirculating eddy;

{2) measurement of the cross-sectional profile and velocity of the free
surface of the induction trumpet;

(3) verification that the velocity of the free surface of the induction
trumpet is equivalent to the recirculating eddy maximum velocity:
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(4) measurement of the critical recirculating eddy maximum velocity
required to initiate entrainment for a highly viscous 1liguid jet. The
use of a highly viscous liquid would stabilise the induction trumpet
against disturbance being generated on the free surface, and may provide
a clearer picture of the mechanism which initiates entrainment;

(5) examination of the quantitative effect of introducing a rotational
velocity component to the induction trumpet free surface on the rate of
filmwise entrainment;

(6) determination of precisely where bubble breakup occurs once
entrainment has been initiated and, once this region has been defined,

calculation of the local energy dissipation rate:

(7) measurement of the radial gas void fraction profile in the mixing
and uniform two-phase flow zone for both laminar and turbulent ligquid
Tlow conditions.
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Appendix 1

SUMMARY OF CONDITIONS

AND EXPERIMENTAL RESULTS

In this appendix a summary of the conditions for the
experimental runs performed in this study is presented. Also
included in this appendix are the measurements for the
volumetric gas entrainment rate, free jet length and gas void

fraction for each run.
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TABLE A1.1 summary of conditions for the experimental runs
RUN COLUMN NOZZLE LIQUID SURFACE  LIQUID LIQUID
NUMBER  DIAMETER DIAMETER FLOWRATE  TENSION  DENSITY VISCOSITY)

(mm) (rm) (L/min)  (mN/m) (kg/m3)  (mPas)
1 44.2 7.12 26.035 48 996.5 . 8513
i 44,2 7.12 27.555 48 996.5 .8513
3 44,2 7.12 18.740 48 997.0 .8327
4 44.2 7.12 - 36.035 54 986.2 .8513
5 44,2 7.12 27.555 54 9497.3 L9111
6 44,2 7.12 18.740 55 997.5 L8705
7 44.2 7.12 36.035 62 897.5 .8705
3 44,2 7.12 27.555 62 997.5 L8705
9 44,2 7.12 18.740 62 997.5 L9325
10 44.2 4.78 16.011 47 996.5 L8327
11 44,2 4,76 12.249 47 996,5 . 8105
12 44.2 4.76 8.324 48 986.5 . 8904
13 44.2 4,76 16.011 53 996.5 .8513
14 44,2 4.76 12.249 53 986.5 .8327
15 44,2 4,76 8.324 53 996.5 .8513
16 44.2 4.76 16.011 63 996.2 L8327
17 44,2 4,78 12.249 65 9¢6.8 .8705
18 44,2 4,76 8.324 62 §67.3 L9111
19 44,2 2.38 4,004 48 8997.5 .9325
20 44.2 2.38 3.062 49 997.3 L9111
21 44.2 2.38 2.082 49 997.9 .9548
22 44.2 2,38 4,004 53 897.5 . 9325
23 44,2 2.38 3.062 54 997.5 . 9325
24 44,2 2.38 2.082 54 987.0 . 8804
25 44.2 2.38 4,004 60 997.3 L9111
26 44,2 2.38 3.062 61 997.5 . 8325
27 44,2 2.38 2,082 60 997.5 .9325
28 44,2 7.12 36,035 64 1064 1.653
29 44.2 T.12 27.5558 63 1064 1.653
30 44,2 7.12 18.740 62 1064 1.653
h| 44,2 4,76 16.011 63 1061 1.653
32 44.2 4.76 12.249 64 1061 1.653
33 44,2 4,76 8,324 62 1061 1.653
34 44.2 2.38 4,004 64 1061 1.653
35 44,2 2.38 3.062 64 1061 1.653
K1) 44,2 2.38 2.082 64 1061 1.653
a7 44.2 T7.12 36,035 53 1114 2.854
38 44,2 7.12 27.555 53 1114 2.854
39 44.2 T.12 18.740 53 1114 2.854
40 44.2 4.76 16.011 €3 1114 2.854
41 44,2 4,76 12.249 65 1114 2.854
42 44.2 4.76 8.324 62 1114 2.854
43 44,2 2.38 4.004 63 1116 2,854
44 44.2 2.38 3.062 62 1118 2.854
45 44,2 2.38 2,082 63 1116 2.854
46 44,2 7.12 36,035 24 784.0 2.12
47 44.2 7.12 27.5855 24 784.0 2.12
48 44,2 7.12 18.740 24 784.0 2.12
49 44,2 4.76 16.011 24 784.0 2.12
50 44.2 4.76 12.249 24 784.0 2.12
51 44,2 4.76 8.324 24 784.0 2.12
55 44,2 7.12 12,249 54 997.3 L9111
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TABLE A1.1 (econt’d) : Summary of conditions for the experimental runs
RUN COLUMN NOZZLE LIQUID SURFACE LIQUID LIQUID
NUMBER  DIAMETER DIAMETER FLOWRATE  TENSION DENSITY VISCOSITY)

{mm) (mm) (L/min)  (mN/m) (ka/m3) (mPas)
56 44,2 2.38 8.324 54 997.3 L9111
64 44,2(B) 4.76 12.249 65 998.6 1.053
65 44,2 4,76(%) 12.249 65 998.6 1.063
67 44,2 4.76(%) 12.24¢% 65 999.1 9325
68 44.2 4.76(%) 12,249 65 999.1 L9111
69 44,2 4,76(%) 12.249 64 968.9 . 9548
70 44.2 4.76(*) 12.249 64 998.9 . 9325
71 74.3 1.12 36,035 65 998.,0 . 9325
72 74.3 7.12 27.555 63 998.0 .85804
73 74.3 7.12 18.740 63 998.0 9779
74 T74.3 4.76 16.011 65 998.9 1.109
75 74.3 4.76 12,249 63 298.8 1.081
76 74.3 4.76 8.324 64 998.8 1.081
77 74.3 2.38 4.004 63 998.2 1.002
78 74.3 2.38 3.062 64 g98.2 1.002
80 74,3(B) 7.12 36.035 63 988.2 1.002
81 74.3(B) 7.12 27,555 61 898.0 L8779
82 74.3(B) 7.12 18.740 63 998.0 L8779
83 74.3(B) 4,76 16.011 67 998.8 1.081
84 74.3(B) 4.76 12.248 67 998.8 1.081
85 74.3(B) 4.76 8.324 67 008.8 1.081
86 74.3(B) 2.38 4,004 65 998.4 1.027
87 T4,.3(B) 2.38 3,062 62 9498,.4 1.027
88 74.3(B) 2.38 2.082 63 398.4 1.027
91 95.4 7.12 36.035 65 998.4 1.027
a2 95.4 7.12 27.555 65 988.9 1.109
83 85.4 7.12 18.740 63 g¢a8.8 1.081
94 95.4 4.76 16.011 63 998.8 1.081
95 95.4 4.76 12.249 63 908.8 1.081
96 95.4 4.76 B.324 63 998,8 1.081
97 95.4 2.38 4,004 63 998.9 1.109
100 85.4(B) 4,76 16.011 62 998.4 1.027
101 85.4(B) 4.76 12.249 62 998.4 1.027
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TABLE A1.2 Run 1 data TABLE A?1.2 Run 2 Data
*GAS JET GAS GAS JET GAS
FLOWRATE LENGTH VOID FLOWRATE LENGTH VOID
(L/min) (m) FRACTION (L/min) (m) FRACTION
9.500 179 9.220 .015 .236
11.610 .210 11.270 .023 .273
13.680 009 . 240 13.270 .033 . 309
15.790 .013 272 15.310 043 . 342
17.800 .018 . 304 17.350 L0585 374
20.330 .023 L3368 19.700 .073 .411
23.020 .030 .366 22.260 .094 .443
25.650 .038 . 395 24.850 119 . 477
27,820 045 418 26,930 . 141 L4898
29.600 .52 .442 28.630 LIT71 .519
30.880 .058 . 453 29.870 . 180 B3t
33.680 L0867 .472 31.610 . 209 .543
35,480 L076 . 490 32.530 . 228 .552
37.570 .082 .506 33.460 242 559
39.490 .083 .522 34.260 . 260 .568
41.460 . 108 .538 35.240 L2711 .580
43,600 122 .554 36.200 .292 . 586
45,650 .138 .568 37.080 . 308 . 583
47,700 . 1587 . 580 38.040 . 325 .603
49,600 L1789 .54 38.000 . 343 610
51.600 .215 .615 39.950 . 355 .B17
£2.640 L225 .822 41,270 .373 .823
£5.5¢90 264 .632 42,0830 . 3498 .B630
43,080 . 408 .832
43.980 . 430 635

45,800 . 465 637
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TABLE A1.2 Run 3 Data TABLE A1.2 Run 4 Data
GAS JET GAS GAS JET GAS

FLOWRATE  LENGTH vO1D FLOWRATE  LENGTH vOID
(L/min) {m) FRACTION (L/min) (m) FRACTION
3.590 .008 L1567 9.422 .163
4,420 L0140 . 194 11.523 .205
5,350 .020 .223 13.577 .010 .225
6.260 .028 .252 15.658 .014 .251
7.090 .038 L2082 17.736 .018 . 280
8.060 .052 . 305 20.151 .022 317
8.950 .061 .327 22.788 .028 .362
9.830 077 . 354 25,449 .035 .373
10.910 .094 . 381 27.580 . 042 L402
11.870 111 , 396 29.355 .050 .428
12.840 .129 .420 30.634 ,058 447
13.790 .151 .434 33.414 .067 .466
14,780 . 169 453 35.210 .074 L 469
15.840 . 196 L4T1 37.223 .086 . 487
16.730 .225 . 489 39,142 .096 .504
17.920 L244 .505 41,113 .109 .522
19,000 .274 .522 43,243 .124 .542
20.090 . 302 .539 45,299 . 130 .546
21.430 . 340 .554 47.221 .182 .552
22.660 . 373 .567 49,194 . 168 .503
23.920 . 397 .583 51.262 .197 371
25.050 . 438 . 597 53.199 .223 .020
25.900 .473 .608 55.174 .255

26.740 . 495 617

27.540 .530 .621

28.180 545 .621

28.730 . 560 .614
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TABLE A1.2 Run 5 Data TABLE A1.2 Run €6 Data
‘GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH VoID FLOWRATE  LENGTH vOID

(L/min) (m) FRACTION (L/min) (m) FRACTION
7.224 .007 . 189 4,342 .00¢ .195
8.201 ~ .010 . 208 5,254 L017 .232
9.097 .012 ,232 6.152 .025 .265
10.005 .015 .253 6.967 .035 . 301
11.115 .021 277 7.906 .046 . 332
12.102 .026 .289 8.790 .059 .343
13.080 .030 .310 9,656 L076 .363
14.064 037 . 335 11.335 . 100 . 392
15.0¢8 . 042 . 358 11.674 . 105 .407
16.190 049 To.363 12.280 LA17 .414
17.102 .054 370 12.623 .122 .422
18,317 . 065 . 396 13.274 131 .437
19.419 .074 414 13.554 . 141 . 445
20,556 .086 . 433 14.537 .159 . 466
21.942 ,096 .439 15.120 .172 L4170
23.205 . 108 457 15.592 .176 . 481
24,487 .124 411 16,188 . 190 . 490
25.656 .136 477 17.169 .21 .507
26.547 , 150 . 489 17.632 222 .514
27.409 .168 . 501 18.695 .250 .531
28.224 L1789 .514 19,764 .278 .533
28.869 . 191 .515 21.088 . 305 .529
29,419 .198 .528 22.288 . 355 442
32.081 .227 .526 23.533 .378 . 351
32,993 .245 .536
33.781 .254 ,520
34.773 L2172 .498
35.7086 .290 432
36.589 . 305 . 345

37.827 .320 119
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TABLE A1.2 Run 7 Data TABLE A1.2 Run 8 Data
GAS JET GAS GAS JET GAS
FLOWRATE LENGTH VOID FLOWRATE LENGTH VOID
{(L/min) (m) FRACTION (L/min) (m) FRACTION
9.468 . 184 g.133 L0117 .240
11.566 .218 11,1580 .025 281
13.632 .012 . 246 13.131 037 316
15.723 .015 .276 15.149 .050 . 352
17.816 .022 L3086 17.159 .064 .384
20.248 027 .334 19,505 .080 .419
22.877 .034 .372 22,002 . 104 .444
25.547 .044 . 401 24,875 .133 .476
27.691 .052 .425 26.628 . 160 . 503
29.498 .060 . 449 28.323 .182 .530
30.783 . 068 .459 29.528 v 231 .544
33.589 . 080 .478 31.248 .250 . 558
35.345 .094 .499 23,187 L2561 .568
37,364 .116 .521 33.071 .282 L5878
39,276 121 .538 33.857 .300 .585%
41.253 127 558 64,858 317 . 591
43.370 .158 L5877 35,792 . 336 . 5986
45,379 .178 L5986 36.674 . 382 .603
47.308 . 202 .608 37.625 .369 .613
49.279 .233 .621 328.562 .388 .620
51.322 . 2685 . 630 39.499 . 407 .625
53,259 . 295 . 633 40.781 .430 .625
55.189 .338 .615 41,542 . 440 .625

42,543 . 460 613
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TABLE At1.2 Run 9 Data TABLE A1.2 Run 10 Data
GAS JET GAS GAS JET GAS
FLOWRATE LENGTH vOoID FLOWRATE LENGTH VOID
{(L/min) (m) FRACTION (L/min) (m) FRACTION
3.558 .008 . 1565 4,481 217
4,378 011 .190 5.424 . 257
5.299 .021 .229 6.351 . 003 .287
6.201 .028 .259 7.194 .006 .318
7.025 .039 .289 8,167 .010 . 350
7.974 .051 .321 9.068 .013 .373
8.853 0864 . 345 9.970 .018 . 393
9.729 .078 . 367 11.067 .026 .414
10.803 .085 . 390 12.048 ,028 .455
11.758 111 411 13.036 .033 . 465
12.715 .128 L 434 14.014 .038 .488
13.651 . 147 .453 15.040 .043 . 507
14.655 .168 LA67 16.134 . 051 .529
15.897 . 190 . 489 17.063 .068 .543
16.572 .223 .504 18.270 067 .554
17.732 .256 .522 19,376 .083 575
18.793 . 291 .53 20.490 103 .595
19.870 . 327 . 547 21.863 .123 . 606
21.183 . 385 575 23,117 . 140 . 523
22.391 L 405 .578 24.388 .164 .632
23.625 . 448 .594 25.545 .188 .638
24,739 . 495 .608 26.428 .207 .B31
25.562 . 548 .807 27.275 .235 .581

26,367 .610 .450
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TABLE A1.2 Run 11 Data TABLE A1.2 Run 12 Data
GAS JET GAS GAS JET GAS
FLOWRATE LENGTH VQOID FLOWRATE LENGTH YOID
(L/min) {m) FRACTION (L/min) (m) FRACTION
2.591 . 186 1,852 006 . 229
3.314 .004 224 2.541 017 L287
4,129 . 007 . 265 2.825 .021 .312
4.592 .009 . 287 3.248 .030 L339
5.321 L0158 317 3.696 .041 .374
§.054 .022 . 344 4.033 .49 .388
6.722 .Q27 L3372 4,481 062 L421
T.446 .036 .398 4,796 .073 437
8.156 .045 421 5.188 .086 L4653
8.891 . 055 .454 5.543 .094 463
9.601 067 LAT1 5.903 . 108 .480
10.454 L0758 .493 6.215 . 118 . 490
11.242 . 086 . 5086 6.555 . 132 .501
12.015 113 .531 6.902 . 146 .514
12.760 . 133 .538 7.624 .180 .538
13.588 . 148 .562 8,459 .225 .565
14.308 .170 .576 g.001 .249 .581
15.107 . 183 .586 8,757 .282 .504
15,948 .217 .500 10,549 .320 .613
16.629 , 240 .612 11.307 , 365 .557
17.810 .263 .623
18.880 . 288 .612

18.966 . 328 .468
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TABLE A1.2 Run 13 Data TABLE A1.2 Run 14 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH V01D FLOWRATE  LENGTH vOIb

(L/min) {m) FRACTION {(L/min) (m) FRACTION
2.635 .138 2.590 .010 191
4,205 .204 3.317 .010 .230
4.478 .008 .216 4,126 .012 .268
5.422 010 . 257 4,586 014 291
6.351 L0311 .287 4.911 L0185 .307
7.186 .013 L3117 5.315 017 .324
8,168 .015 .342 §.677 .021 . 337
8.070 .018 . 373 §.048 025 . 353
9.971 .022 .398 6.368 .029 . 363
11.071 .027 .412 6.714 .032 .378
12.0568 031 .436 7.068 . 040 .393
13.047 .038 L4585 7.438 .042 . 400
14.014 . 045 475 7.816 . 046 .413
15.047 . 053 . 492 8.146 052 .425
16,133 .066 .526 8,454 .058 .436
17,047 077 544 8.881 .064 445
18.251 .093 562 9.755 .080 474
19.348 . 109 . 583 10.830 . 104 .498
20.458 . 135 .29¢ 11.786 . 122 . 019
21.829% 157 615 12.741 . 149 . 538
23.072 . 180 .634 13.678 L1758 .560
24,336 .210 . 648 14.679 .203 . 580
25.4%8 .230 .655 15.728 .23 . 595
26.379 .248 661 16.612 . 258 .614
27.250 . 267 L6585 17.785 .285 .632
28.064 .290 .630 18.855 .315 .650
28.712 .315 .624 19.935 . 350 647
29,268 .320 .218 21,293 .385 .600
22.509 .420 437

23,767 . 460 .186
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TABLE A1.2 Run 15 Data TABLE A1,2 Run 18 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH vOID FLOWRATE  LENGTH voID
(L/min) (m) FRACTION (L/min) (m) FRACTION
1.212 .010 .169 4,620 .238
2.545 .018 296 5.350 .269
2.980 025 «332 6.090 .008 . 306
3.255 030 .345 §.760 .010 331
3.5565 .03¢9 . 366 7.490 012 .352
4,040 .052 . 402 8.210 L0185 .375
4.490 .064 .426 8.950 .019 . 397
4,805 072 .445 9.660 .023 421
5.200 .087 .461 10.530 027 . 441
5.549 .089 LATT 11.320 .032 .463
5.913 112 .493 12,110 .036 .476
6.226 . 125 .502 12.870 .040 .488
6.564 . 141 .516 13.720 045 .514
6.909 162 B2t 14.460 .050 522
7.2689 <175 .938 15,290 .057 .538
7.635 . 196 . 546 16,130 . 068 . 551
7.657 .210 .559 16.820 .075 . 565
B.255 .228 .570 17.800 .087 577
8.668 . 252 . 581 18.610 100 .592
g.019 264 602 18.470 115 .614
9.357 .286 . 597 20,510 .135 .620
8.779 . 205 .602 21,480 157 633
10,186 . 324 .601 22.430 175 .620
10.564 . 348 577

10.948 37T 521
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TABLE A1.2 Run 17 Data TABLE A1.2 Run 18 Data
" GAS JET GAS GAS JET GAS
FLOWRATE LENGTH VOID FLOWRATE LENGTH VOID
(L/min) {(m) FRACTION (L/min) (m) FRACTICN
2.550 .189 1.190 .005 .175
2.840 .215 1.820 011 .244
3.130 , 006 . 229 2.500 .023 . 308
3.420 .007 .250 2.780 .028 .328
3.720 .008 264 3.060 034 . 353
4,060 L0098 .278 3.340 .042 L373
4.510 011 . 301 3.630 049 .a85
4,830 .013 .315 3.960 .0566 412
5.230 016 .330 4.410 .0E8 .433
5.590 020 . 33¢ 4.720 .080 454
5.850 024 . 358 5.100 .082 .470
6.270 029 . 368 5.450 . 105 L4838
6.610 035 . 382 5.810 .116 .500
5.960 . 040 L400 6.110 .130 513
7.320 . 046 .409 6.440 . 144 .524
71.690 .051 .426 6.780 L1162 .539
8.020 .056 .438 7.130 178 .551
8.320 .062 452 7.480 . 185 . 552
8.740 .069 464 7.810 211 . 564
2.080 L0758 .475 8.100 L231 .E76
9.440 .082 .480 8.510 L2582 .584
9,860 . 090 . 501 8.850 .266 . 597
10,270 .099 .514 9.180 .246 .603
10.660 . 108 .515 9,590 .316 .806
11.600 . 131 L6317 9,990 . 346
12.540 . 154 .562 10,370 . 362
13.470 .178 .586
14,460 .203 .603
15.490 .235 .620
16.360 .255 .639
17.500 .293 .620

18.570 . 315 . 485
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TAELE At1.2 Run 19 Data TABLE A1.2 Run 20 Data
GAS JET GAS GAS JET GAS
FLOWRATE LENGTH vOID FLOWRATE LENGTH VOID
(L/min} (m) FRACTION (L/min) (m) FRACTION
1.184 . 305 . 369 .252
1.691 .004 . 364 .508 .002 . 306
2.221 .010 412 . 881 L 007 .352
2.767 .018 .454 1.178 .013 . 382
3.335 .030 . 488 1.432 .021 .413
3.955 .043 .538 1,682 .029 . 439
4,365 . 058 .558 1.944 .040 L4564
4,704 .080 L576 2.206 .054 . 491
5,088 .097 .59t 2.468 .0T71 .516
5,433 114 .608 2.745 . 088 , 545
5.7817 . 130 .620 3.021 . 105 .570
6.094 . 145 .636 3,306 121 .594
6.424 . 160 .648 3,590 . 144 . 807
6.764 . 178 . 660 3.918 .161 .620
7.116 . 188 L671 4,355 . 188 .650
7.418 . 200 .685 4,664 212 . 667
7.794 .220 .895 £.049 ,235 .676
g£.089 .228 704 5.392 L2587 .695
8.500 245 112 5,746 272 .704
8.845 .253 726 6.054 . 285 . 708
g9.185 .265 .732 6.379 .218 . 104
9,604 .273 .732 6.718 . 340 .645
10,007 , 285 L 132 7.069 .368
10.389 .288 720
10,773 » 310 . 595

11.1586 .318 .620
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TABLE A1.2 Run 21 Data TABLE A1.2 Run 22 Datsa
GAS JET GAS GAS JET GAS
FLOWRATE LENGTH VOIiD FLOWRATE LENGTH VOID
{L/min) (m) FRACTION (L/min) {m) FRACTION
L0686 010 . 325 1.183 .002 . 319
L1565 015 . 343 1.690 003 . 370
.252 .019 371 2.219 011 414
. 354 .025 . 388 2.764 024 . 458
447 . 034 . 404 3,332 . 039 L4998
.574 . 050 424 3.850 .063 .538
L7186 . 069 . 448 4,389 .080 .562
.843 .086 L470 4.699 .095 . 579
977 .108 . 490 5.083 .113 .596
1.126 123 517 5.431 124 L6086
1.239 . 153 . 539 5.783 . 140 626
1.366 167 . 557 6.081 . 158 640
1.484 . 180 .E75 6.418 .173 651
1.603 . 200 .58¢ 6.758 .187 . 680
1.718 .218 .611 7.111 . 200 676
1.853 .238 .626 7.473 214 .682
1.974 .258 .839 7.790 .230 L1701
2.103 . 265 . 645 8.084 . 245 T12
2.234 .275 .655 8.495 .258 721
2.3585 .293 670 8.841 . 268 . 728
2.476 . 305 .689 9.179 . 283 L7132
2.621 .315 673 §.587 ,284 720
2.758 .338 . 655 10.001 . 315 .682
2.886 . 348 .620 10.383 .328 . 601
3.015 .368 .Bg2
3.160 . 385 573

3,288 .420
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TABLE A1.2 Run 23 Data FTABLE A1.2 Run 24 Data
"GAS JET GAS GAS JET GAS
FLOWRATE LENGTH VOID FLOWRATE LENGTH voID

(L/min) (m) FRACTION (L/min) (m) FRACTION
. 363 215 ‘ .067 .03 .332
. 580 .003 .318 . 158 017 . 350
. 869 012 . 360 .257 .024 .375
1.161 017 . 360 . 361 .035 . 393
1.412 L027 415 . 456 047 412
1.658 037 L.442 .588 .065 426
1.915 050 476 . 131 .081 .451
2.174 . 064 486 .861 . 102 483
2.433 .083 .523 . 996 127 .513
2.705 .086 .E49 1,148 145 .542
Z2.978 115 .570 1.263 . 165 . 558
3.258 . 133 . 595 1.393 194 . 588
3.538 . 151 .513 1.5183 221 601
3.862 172 .63z t.635 232 617
4.291 L2171 642 1.749 .250 .627
4.504 .230 .673 1.888 .263 648
4,973 .254 .685 2.015 272 .658
5.314 270 B84 2.146 .291 671
5.662 295 101 2.278 . 3086 630
£.965 . 313 .698 2.401 .330 .658
6.287 . 338 . 638 2.523 . 348 .614
§.624 . 358 .563 2.671 » 360 . 986
2.814 . 371 .570

2.936 .438
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TABLE A1.2 Run 25 Data TABLE A1.2 Run 26 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH vOID FLOWRATE  LENGTH VOID
(L/min) (m) FRACTION (L/min) (m) FRACTION
1.169 .327 . 361 .276
1,669 006 . 387 .585 003 .317
2.193 017 . 429 .862 .010 .370
2.731 .030 476 1.152 .023 402
3.295 .043 .513 1.400 .030 . 430
3.906 .068 . 567 1.644 .041 .451
4.339 .089 577 1,899 L0587 . 485
4.641 .108 . 600 2.155 075 514
5.023 127 .620 2.412 .081 .539
5.363 . 144 637 2.682 . 108 .566
5.712 . 156 .651 2.952 .132 .595
65.016 174 .665 3.231 .148 .613
6.340 192 .676 3.510 . 167 .631
6.676 L2086 .688 3.830 . 192 .648
7.024 .226 .704 4.256 .227 .669
7.380 . 243 L7108 4,558 .258 .685
7.697 .263 . 708 4,932 . 288 . 628
7.986 .278 .645 5.265 . 324 657

8.392 .318 .482 5.607 .355 . 544
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TABLE A1.2 Run 27 Data TABLE A1.2 Run 28 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH VOID FLOWRATE  LENGTH VOI1D
(L/min) (m) FRACTION (L/min) (m) FRACTION
.066 .012 .326 9,640 . 166
.155 .016 . 341 11.780 . 006 . 199
. 252 .022 .363 13.870 .007 .233
.353 .034 401 16.000 .009 . 261
. 446 .053 417 18.140 .014 .291
572 071 . 432 20.610 .020 .314
.715 .094 .456 23,270 .027 . 349
.842 .114 .478 25,990 .035 . 380
.974 .136 .513 28.160 .042 40T
1.122 L1867 .531 29.980 .052 .438
1.234 .189 .553 31.260 .059 L8448
1.361 .214 .583 34.090 .070 L473
1.479 .238 .605 35,910 .079 . 493
1.597 .258 627 37.970 .090 .531
1.711 .275 .642 39.860 110 .563
1.845 .298 .664 41,770 .130 . 590
1.966 .313 .670 43,950 . 148 .607
2,093 .337 .642 45.9080 .168 .646
2.221 .373 .570 47.910 .194 L672
49,900 .220 .701
51.900 .255 .707
53,940 . 283 .713

55.830 .323 . 707
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TABLE A1.,2 Run 29 Data TABLE A1.2 Run 30 Data
GAS JET GAS GAS JET GAS
FLOWRATE LENGTH VOID FLOWRATE LENGTH VvOID

{L/min) {m) FRACTION (L/min) {(m) FRACTION
8,210 .012 L2286 3.590 . 007 . 140
11.240 .020 .258 4.410 .01 . 189
13.230 .031 .298 5.340 018 .205
15,260 .045 . 331 6.250 028 .238
17.290 057 .362 7.080 .039 . 268
19,630 .077 . 396 8.040 .049 . 292
22.160 . 102 .433 8.920 .063 .313
24,700 . 131 .463 9,800 075 . 338
26.770 .164 .495 10.880 .092 . 365
28.460 .199 .513 11.830 110 . 387
29.660 .216 . 537 12.790 L1323 411
31.370 .248 .555 13.730 L1582 .432
32.280 . 255 .566 14,730 170 LA47
33.200 .278 L5178 15.790 .i%4 L 465
34,000 . 297 . 593 16.660 .224 .49
34.970 L3186 .604 17.840 .237 .500
35.880 . 337 L6183 18.800 287 .526
36.750 . 358 622 19.¢80 .293 .538
37.710 .373 .631 21.280 . 340 .573
38.650 .395 637 22.510 L377 . 585
39,530 L418 .637 23.730 . 435 .603

24.840 -498

25.660 . 545
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TABLE A1,2 Run 31 Data TABLE A1.2 Run 232 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH vOID FLOWRATE  LENGTH VOID
(L/min) (m) FRACTION (L/min) (m) FRACTION
4,603 212 2.558 177
5.337 .237 2.847 .187
6.073 .003 .262 3.137 .004 L211
6.741 .006 .28¢9 3.436 005 .221
7.468 .007 . 307 3.732 .007 .234
8.176 011 .329 4,073 .008 .256
8.914 .014 .354 4,523 .010 .280
9,628 .017 377 4.848 011 .304
10.485 .09 .395 5,604 ,018 .328
11.277 .025 414 6.281 .023 . 365
12.055 , 028 .430 6.971 .031 . 388
12.805 . 033 .449 7.706 .038 .419
13.631 . 040 L4T1 8,332 .047 .434
14,358 .044 . 489 9.105 .058 . 462
15.161 .050 .510 9.873 .067 L478
15,999 .057 527 10.665 086 .505
16.675 .063 .548 11.437 099 .535
17.609 .077 .566 12.208 .118 554
12.977 .137 .574
13.705 . 159 .578
14,434 .182 .588
15,213 .212 .616
16.043 , 245 .640
16.848 273 .640

17.615 . 305 .652
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TABLE A1.2 Run 33 Data TABLE A1.2 Run 34 Data
_GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH vOID FLOWRATE  LENGTH vOID
(L/min) (m) FRACTION (L/min) (m) FRACTION
1.193 .003 .130 1.168 .003 .270
1.824 .010 .204 1.666 . 006 . 336
2.499 .018 .272 1,926 .010 .372
2.778 .023 . 305 2.185 .013 . 399
3.190 .029 . 333 2.720 .023 . 442
3.347 . 032 . 344 - 2.993 029 465
3.633 .039 .368 3.277 .033 . 487
3.962 .047 . 392 3.558 .040 517
4,403 .056 .416 3.879 .050 .539
4,709 .069 . 439 4,304 .071 .573
5.003 .081 .459 4,439 .083 .588
5.444 .088 .475 4,172 .107 .609
5,799 . 100 .482 5.114 .125 .629
6.104 .113 . 498 5.307 137 .641
6.432 .128 511 5.649 .163 .656
6.768 . 148 524 5,806 .193 .664
7.119 .165 .533 5.942 .210 .676
7.475 . 189 .545
7.786 212 .557
8.075 .240 .562
8.482 .257 571
8.816 .29 .586
9.142 .318 .593
9.549 .348 .606
9,933 .385 619
10.296 . 440 .618

10.684 .470 .618
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TABLE A1.2 Run 35 Data TABLE A1.2 Run 36 Data
. GAS JET GAS GAS JET GAS
FLOWRATE LENGTH VOID FLOWRATE LENGTH VOID
(L/min) {m) FRACTION {L/min) (m) FRACTICN
. 364 .002 . 184 067 . 009 . 183
. 589 .005 .250 157 .013 .216
.866 010 . 307 .255 .019 271
1.158 016 . 349 . 358 .023 . 306
1.406 .022 .384 452 .032 . 336
1.650 .030 .419 . 580 . 047 . 365
1.906 041 4585 .722 LO67 . 406
2.159 060 . 485 .849 . 088 .439
2.415 .074 .519 .983 .116 . 459
2.684 . 091 .545 1.132 . 140 . 485
2.951 , 118 . 581 1.243 .179 527
3.227 . 142 .602 1.368 .203 . 557
3.501 174 .623 1.486 227 .583
3.817 .203 .644
4,059 . 248 .653
4,236 . 275 .670
4.374 . 305 .679
TABLE A1.2 Run 37 Data TABLE A1.2 Run 38 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH VOID FLOWRATE LENGTH VOID
(L/min) (m) FRACTION (L/min) {m) FRACTION
9.710 171 8.210 .008 .232
11.830 . 189 11.250 013 271
13.930 .238 13.250 .021 314
16.100 .263 15.270 .029 . 347
18.250 .010 .296 17.290 .039 . 385
20.650 .017 .339 19.630 .054 421
23.3580 .022 L3723 22.160 .073 .466
26.100 027 .385 24.710 L0987 . 507
28.280 .033 .413 26.710 122 . 580
30.080 .040 451 28.360 . 150 .613
31.320 . 047 .468 29.550 .170 .652
34150 .055 .482 32.200 . 205
35.980 .065 .535
38.020 076 .558
39,950 .086 . 580
41.960 . 100 .603
44.070 117 .636
46,090 . 140 .647
48.040 . 160 .664

49,860 .210 659
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TABLE A1.2 Run 35 Data TABLE A1.2 Run 36 Data
. GAS JET GAS GAS JET GAS
FLOWRATE LENGTH VOID FLOWRATE LENGTH vOID
(L/min) {(m) FRACTION (L/min) (m) FRACTION
.364 .002 .184 .087 . 009 .183
.589 . 005 . 250 187 .013 L2186
.866 010 . 307 .255 019 271
1.158 .016 . 349 . 358 023 . 306
1,406 .Q22 .384 . 452 .032 . 336
1.650 .030 419 . 580 .047 .365
1.906 .041 .455 L7122 067 . 406
2.1589 .060 .485 .849 .088 .439
2.415 074 .519 . 983 .116 .459
2.684 .091 . 545 1.132 . 140 . 485
2.951 .118 .581 1.243 .178 527
2.227 . 142 .602 1.368 .203 L5587
3.501 174 .623 1,486 . 227 .583
3,817 .203 .644
4.059 .248 L6583
4,236 .275 .670
4,374 , 305 .679
TABLE A1.2 Run 37 Data TABLE A1.2 Run 38 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH VOID FLOWRATE  LENGTH vOID
(L/min} (m) FRACTION (L/min) (m) FRACTICN
9.710 171 9.210 .008 232
11.830 . 18¢ 11.2580 .013 . 271
13.930 .238 13.250 .021 .314
16.100 . 263 15.270 .029 « 347
18.250 .010 . 296 17.290 .039 .385
20.650 L0117 .339 19.630 .054 421
23.350 .022 .373 22.160 073 .466
26.100 L0217 . 385 24.710 .087 . 507
28.280 .033 .413 26.710 122 .580
30.080 .040 .451 28.360 . 150 .613
31.320 . 047 . 468 29.550 .170 .652
24.150 .055 . 482 32.200 . 205
35.980 .065 .535
38.020 .076 . 558
29,950 .086 .580
41,960 . 100 .603
44,070 L1117 .636
46,090 . 140 . 647
48,040 . 160 L6684

49,860 .210 .659
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TABLE A1.2 Run 39 Data TABLE A1.2 Run 40 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH vOID FLOWRATE  LENGTH VvOID
(L/min) (m) FRACTION (L/min) (m) FRACTION
3.600 . 004 127 4,703 176
4,430 .008 . 169 5.034 .194
5.360 .014 .193 5.449 .003 . 202
€.270 .021 .230 5,821 , 005 221
7.110 .027 .25¢9 6.201 .007 .230
8.070 . 036 277 6.532 . 008 .244
8.950 .045 . 308 6.887 .008 .255
8.830 ,058 . 333 7.229 . 009 .268
i0.910 .070 .359 7.630 .009 272
11.870 .082 . 383 8.018 .010 .280
12.830 102 . 402 8.356 .010 . 292
13.770 . 118 .423 B.,667 O . 297
14,770 138 .449 9.089 012 315
165,820 . 155 .465 9.473 018 .319
16.700 . 180 .485 9,835 .015 .330
17.870 . 208 .507 10.276 018 . 341
18,920 . 243 .524 10.706 017 .353
20,000 .268 .546 11,110 .0t8 . 362
21,290 .310 . 591 11.516 .021 . 370
22.500 . 365 .600 11,916 .023 .382
23.710 . 430 . 600 12.295 .025 . 393
24.770 .520 .600 12.696 .028 .426
13.053 .030 .414
13.506 033 414
13.870 .035 .442
14,262 .037 . 447
t4.591 . 040 .459
15.034 .044 LA73

15,481 .047 . 459




261

TARBLE A1.2 Run 41 Data TABLE At1.2 Run 42 Data

GAS JET GAS GAS JET GAS

FLOWRATE  LENGTH vOID FLOWRATE  LENGTH VOID
(L/min) {m) FRACTION (L/min) (m) FRACTION

2.646 L126 2.574 .010 .205

4,214 .003 .202 3.295 .024 . 259

4,683 . 006 225 4,083 .033 310

5.012 .008 .239 4,533 .044 .342

5,424 .011 .254 4,675 .048 .348

5.793 .013 . 269 4.849 .053 .364

6.170 L0186 285 5.032 .058 .371

6.495 018 . 302 5.244 ,063 . 383

7.052 .023 .314 5.394 .066 . 386

7.183 .024 .327 5,596 .073 . 393

7.577 .028 .342 5.744 077 .394

7.664 .031 . 351 5.959 .084 L4111

8.297 .034 . 360 6.130 . 087 ‘414

8.605 .039 . 380 6.274 .094 .422

9.038 .043 . 386 6.453 .102 .430

9,398 .048 .403 6.600 . 108 . 438

10.193 .058 L4286 6.800 L1112 LA4T

11.015 .073 . 450 6.934 .116 . 449

11.804 .088 .470 7.127 .125 .458

12.600 .104 L487 7.316 .133 . 460

13.376 .125 5219 7.530 .139 . 487

14.119 . 148 .528 7.680 . 149 . 482

14,861 .173 .540 7.859 .156 482

8.001 .164 .503

8.133 L173 .493

8.299 179 496

8.522 .195 .501

8.710 . 205 .505

8.904 217 .523

9,054 .232 527

9.204 . 246 .527

9,392 .253 527

9,548 .270 .535

8.800 .285 .538

9.996 , 305 515

10.195 .326 510
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TABLE A1.2 Run 43 Data TABLE A1.2 Run 44 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH vOID FLOWRATE  LENGTH VO1D
(L/min) (m) FRACTION (L/min} (m) FRACTION
1.199 .003 .235 .374 .002 . 140
1.454 . 005 276 .606 .004 .204
1.708 .007 .310 .890 .006 .266
1.875 .008 .344 1.187 011 .316
2.237 .011 371 1.440 .016 .364
2.499 .014 411 1.688 021 .410
2.776 .018 . 447 1.946 .028 .452
3.048 021 . 486 2.202 042 .503
3.335 .025 .517 2.461 .058 .539
3,621 .033 .543 2.732 .074 571
3.945 .051 .568 3,007 .103 .595
4,388 .073 .579 3,285 . 145 612
5,527 .098 .590
4,869 .133 . 600
5.215 .218 .607
TABLE A1.2 Run 45 Data TABLE A1.,2 Run 46 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH VOID FLOWRATE  LENGTH VOID
(L/min) {m) FRACTION (L/min) (m) FRACTION
.069 .008 .083 8.130 .191
162 .012 . 142 11,168 .219
. 262 .016 .190 13.185 .005 . 247
. 368 .020 .218 15.234 .008 .27¢
.464 .024 .252 17.282 .010 . 309
.593 .031 .305 19.645 .012 . 329
.739 .043 .344 22.217 015 .368
.866 .063 . 408 24.830 .019 .398
1.002 077 . 448 . 26.956 .021 .423
1,153 . 100 .484 28.696 .025 . 445
1.265 .135 .521 29.944 027 L4586
32.659 .030 478
34,420 .034 . 493
36.438 .036 514
38.342 .039 . 531
40.237 .043 .542
42,307 .047 . 566
44,157 .050 .584
46.067 .053 .592
48,054 .058 .616
50.108 .063 .623
52.132 .070

54.048 .078
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TABLE At1.2 Run 47 Data TABLE A1.2 Run 48 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH voID FLOWRATE  LENGTH voID
(L/min) (m) FRACTION (L/min) (m) FRACTION
8.936 . 007 .242 3.485 . 007 . 182
10,933 .008 .279 5.219 011 .238
12.891 011 .314 6.942 .022 291
14,887 .016 .348 8.766 .034 341
16.889 .022 .378 10.722 .049 .37¢
19.203 .029 415 12,633 070 .423
21.729 .037 L443 14,582 .087 481
24.279 .046 LATT 16.535 127 .491
26.347 .053 .502 18.779 174 .528
28.037 .062 .534 21.213 .232 558
29.231 .69 . 537 23.688 .286 .584
31.733 . 081 .564 25,707 327 607
33.413 094 .584 27.369 .378 .630
35,343 .118 .596 28.556 . 405 .646
37.180 . 142 . 6086 31.127 . 485 .662
39.085 .170 .580 32.797 .504 670
34,679 .553 .622
TABLE At1.2 Run 49 Data TABLE A1.2 Run 350 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH voiD FLOWRATE  LENGTH vOID
(L/min) (m) FRACTION (L/min) (m) FRACTION
3.541 172 2.523 .302 175
4,351 .208 4.027 .005 L2581
5.274 .003 .240 5.202 .007 . 302
6.131 . 005 .268 6.097 .008 . 334
7.014 .007 .26 6.915 013 .362
7.969 .008 322 7.856 .018 392
8.858 .010 . 351 8.731 .023 .423
10.828 .013 . 396 9.603 .028 .448
12.765 .018 .4389 10.676 .033 L472
14.737 .022 . 481 11.632 .038 , 493
16.718 .028 .B17 12.592 .044 .512
18.015 .035 .989 13.533 .054 D33
21.524 043 L5990 14,538 .065 .558
24.068 L0583 .630 15.5897 .078 .572
26.129 067 662 . 16.485 .0895 582
17.655 L1086 .610
18.72¢9 .138 .628
19.817 . 160 646
21.170 .184 .660

22.388 . 205 .670
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TABLE A1.2 Run 51 Data TABLE A1.2 Run 55 Data
GAS JET GAS GAS JET GAS
FLOWRATE LENGTH vOID FLOWRATE LENGTH VOID
(L/min) {(m) FRACTION {L/min) (m) FRACTION
2.480 .007 .253 1.197 008 130
2,970 025 .339 1.711 .018 .184
4.417 .031 . 367 2.248 022 .226
5.126 .045 . 403 2.800 .035 .270
5.829 .08 . 445 3.377 .044 . 301
6.473 .078 478 4,005 . 060 . 335
7.174 .093 .498 4,451 071 . 362
7.859 116 .518 4.765 084 L3798
8.566 150 .542 5.156 .0e3 . 382
9.253 LT .568 5.509 . 101 . 395
10.078 . 201 .588 5,866 114 .408
10.845 .233 . 605 6.177 127 .419
11.597 . 257 .622 6.510 . 141 .429
12.322 .284 .639 6.853 L1586 .444
13.138 . 303 853 7.208 .166 L 457
13.842 .333 .662 7.572 . 186 L4756
14,683 . 355 .670 7.880 .189 .490
15,452 .87 .686 g.186 .214 .487
16.127 .410 .698 8,597 . 235 .491
17.040 . 440 710 8.944 .253 . 503
i7.873 .478 L7121 9.278 L2715 . 512
.9.699 .288 .518
16.087 .312 531
10.473 .335 .536
TABLE A1.2 Run 56 Data TABLE A1.2 Run 64 Data
GAS JET GAS GAS JET GAS
FLOWRATE LENGTH voiD FLOWRATE LENGTH VOID
(L/min) (m) FRACTION (L/min) {m) FRACTION
5.269 . 4086 1.685 112
6.988 475 3.312 .235
8.805 .546 3.938 . 266
9.877 011 . 880 5.149 .313
10,749 .014 .594 6.031 . 345
11,704 .016 .614 6.838 .020 361
12.663 .018 .634 71.763 .028 .388
13.608 .022 .651 8.427 .042 . 404
14.615 .025 .668 9.478 L060 426
15.681 .029 . 894 10.532 060 L 450
18.857 037 .728 11,462 070 L.4T4
19.976 . 040 125 12.3%0 .090 L4095
21,361 .043 .594 14,299 L0860 551
16,216 .080 577
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TABLE A1.2 Run 51 Data TABLE A1.2 Run 55 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH vyoID FLOWRATE  LENGTH VOID
(L/min) {(m) FRACTION (L/min) (m) FRACTION
2.490 . 007 .253 1.187 . 008 . 130
2.970 .025 .33¢9 1.711 .016 . 184
4,417 .031 . 367 2,248 022 226
5.126 .045 . 403 2.800 .035 L270
5.829 L0588 .44% 3.377 .044 . 301
6.473 .078 .478 4,005 . 060 . 335
7.174 .093 .498 4,451 .071 .362
7.859 .116 .518 4.765 084 .379
8.566 . 150 .542 5.156 083 . 382
9.253 171 .568 5.508 101 . 395
10.078 201 . 588 5.866 .114 .408
10.845 .233 .605 6.177 127 .419
11,597 . 2587 .622 6.510 14 . 429
12,322 .284 .639 6.853 .156 .444
13.138 . 303 .653 7.208 . 166 L4587
13.842 . 3323 .662 7.572 . 188 L4768
14,683 .355 .670 7.880 .169 .480
15,452 . 387 .686 8.186 .214 487
16.127 .410 698 8.597 .235 . 491
17.040 .440 . 710 8.944 .253 L5013
17.873 478 L721 9.278 275 .512
.9.699 .288 .518
16.087 .312 . 531
10.473 .338 .536
TABLE A1.2 Run 56 Data TABLE A1.2 Run 64 Data
GAS JET GAS GAS JET GAS
FLOWRATE LENGTH VOID FLOWRATE LENGTH VOID
(L/min) (m) FRACTION (L/min) {m) FRACTION
5.269 . 406 1.685 112
6.988 LATS 3.312 .235
8.805 .546 3.938 .266
9.677 011 . 580 5.149 .313
10,749 014 .594 5.031 . 345
11.704 ,016 .614 6.838 .020 L3681
12.663 .018 .834 7.763 .028 .388
13.608 .022 .551 8.427 .042 .404
14.615 .025 . 668 9.478 .080 L4426
15.681 .029 . 694 10.532 .060 450
18,857 .037 .725 11,462 .070 AT4
19.976 . 040 . 125 12.390 .090 L4895
21.361 .043 .594 14,299 L0860 .E51
16.216 .080 577
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TABLE A1.2 Run 65 Data TABLE A1.2 Run 66 Data
GAS JET GAS JET
FLOWRATE LENGTH FLOWRATE LENGTH
(L/min) (m) (L/min) (m)
4.258 . 008 4,250 .01
6.022 .023 6.021 .028
7.753 .B50 71.745 . 049
9.462 . 080 9.448 .078
11,437 . 119 11,445 L1186
13.279 .163 13.289 160
15.285 211 15.301 .218
17.289 274 17.300 .278
19.400 . 358 19,418 . 353
TABLE A1.2 Run 67 Data TABLE A1.2 Run 68 Data
GAS JET GAS JET
FLOWRATE LENGTH FLOWRATE LENGTH
(L/min) (m) (L/min) (m)
4,203 . 008 4,206 . 008
5.968 018 5,068 019
7.680 .043 7.672 . 045
9.379 .072 8.362 .081
11.331 L1111 11.314 127
13.182 157 13.128 . 185
15.138 .215 15,103 .248
17.116 . 288 17.073 L3258

19.204 . 367 19,167 .390
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[ABLE A1.2 Run 69 Data TABLE A1.2 Run 70 Data
GAS JET GAS JET
FLOWRATE LENGTH FLOWRATE LENGTH
(L/min) (m) (L/min) {m)
4,274 L0086 4,168 . 008
6.061 L0132 5.908 017
7.792 L0411 7.597 037
9.515 078 9,269 . 090
11.500 . 138 11.182 . 183
13.339 .215 12.867 278
15.330 .285 14,4916 . 355
17.330 .378 16.872 . 435
19.448 L465 18.938 520
TABLE A1.2 Run 71 Data TABLE A1.2 Run 72 Data
GAS JET GAS GAS JET GAS
FLOWRATE LENGTH VOID FLOWRATE LENGTH vOID
(L/min) (m) FRACTION (L/min) (m) FRACTION
1.730 . 047 1.701 L0656
3.53¢8 . 102 3.474 .003 . 130
5.291 .003 . 147 5.189% 008 . 183
7.039 . 005 193 6.897 011 . 230
g.881 . 009 .238 3.706 L0189 276
10.856 012 . 280 10.638 .031 .316
12.791 L0186 .328 12.533 . 047 . 356
14.616 .019 . 369 14,461 .0kQ . 388
16,740 024 . 398 16,393 075 .424
12.007 .032 .429 18.634 L0983 . 487
21.519 .038 LA54 21.059 .119 . 492
24.056 . 050 .AT4 23.526 . 1563 .519
26,083 .065 .500 25,513 . 183 .544
27.692 . 110 .529 27.148 .220 . 565
28.804 .220 . 492 28.320 .235 .578
29.924 .280 .429 29,3986 .285 . 585
31.164 . 328 . 606
32,822 . 380 . 607

34.632 .440 .582
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TABLE A1.2 Run 73 Data TABLE A1.2 Run 74 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH vOID FLOWRATE  LENGTH VOID
(L/min) {m) FRACTICON (L/min) (m) FRACTION
833 .058 .794 .078
1.688 . 005 . 109 2.202 .002 .162
2.577 L0117 . 160 4,249 . 006 . 268
3.432 .018 .213 5.159 . 009 .313
4,213 .026 .244 6.041 017 .344
5.110 .043 .280 6.841 .025 .387
5.976 .063 .318 7.761 .032 .419
6.769 .076 . 351 8.623 .037 .450
7.684 .004 .380 9.479 .044 .482
8.529 . 115 . 408 10,920 .052 513
9,371 .135 L432 12.412 .065 .544
10,411 .153 .452 14.345 .085 .594
11,328 .175 .479 16.247 .145 .588
12.250 .208 .501 18.374 ., 320 . 607
13.153 .240 .514
14,115 .260 .528
15,143 . 295 .544
15.991 .330 .598
17.118 .363 .636
18,149 .407 .579
19.192 .470 .590
20.495 .517 .589
TABLE A1.2 Run 75 Data TABLE A1.2 Run 76 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH VOID FLOWRATE  LENGTH VOID
(L/min) (m) FRACTION (L/min) (m) FRACTION
.47 .077 .581 .017 . 185
1.660 .005 . 174 1.116 .026 .243
2,270 .012 .241 1.386 .055 .320
3.272 .022 . 297 1.738 .094 .332
3.880 .034 .353 1.919 .097 .329
5.067 .057 .413 2.194 .152 .384
5.927 .077 . 461 2.486 175 .430
6.710 .098 .493 2,723 .203 .429
7.616 .135 .523 3.339 270 .496
8.264 .165 .558
9,283 .205 .576
10.285 .258 .598
11.208 .3058
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TABLE A1.2 Run 77 Data TABLE A1.2 Run 78 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH VOID FLOWRATE  LENGTH VOID
(L/min) (m) FRACTION (L/min) (m) FRACTION
.599 L0117 .391 .421 .037 .443
1.084 ,029 .466 .742 107 .481
1.622 .038 .504 1.015 . 142 .524
2.171 .088 .542 1.431 . 260 .555
2.155 .178 .579 1,762 . 365 .589
3,294 .350 .598
TABLE A1.2 Run 80 Data TABLE A1.2 Run 81 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH VOID FLOWRATE  LENGTH VOID
{(L/min) {m) FRACTION (L/min) {m) FRACTION
1.726 . 002 .042 1.700 .065
3,533 .004 .086 3,473 .002 127
5.284 . 007 .130 5.181 . 006 . 181
7.016 .010 L172 6.885 .013 .232
8.850 012 ., 229 8.698 .023 .268
10.814 .013 . 269 10.617 .036 .319
12.731 .016 .317 12.507 .047 . 361
14.683 .024 .356 14.150 .065 . 405
16,643 .034 . 380 16.321 .084 .432
18.900 .040 .420 18.497 L 117 L470
21.371 .048 .470 20.841 ., 185 492
23.877 .062 . 466 23.249 L2758 467
25,857 . 100 . 487 25,206 . 345 L4286
27.317 .270 .454 26.849 .380 . 401

28,038 . 405 . 388
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TABLE A1.2 Run 82 Data TABLE A1.2 Run 83 Data
GAS JET GAS GAS JET GAS
FLOWRATE  LENGTH vO1D FLOWRATE  LENGTH VOID
(L/min) (m) FRACTION (L/min) {m) FRACTION
.832 002 .058 . 795 .070
1.685 .008 .106 2.200 .006 .163
2.563 L0158 . 160 4242 .008 . 266
3.417 028 .2186 5.149 017 .313
4,197 043 . 257 6.026 .023 .354
5.072 .064 .303 6.823 .028 . 383
5,030 .091 . 339 7.746 .037 .426
6.693 . 115 . 381 8.601 . 045 442
7.567 . 1558 .A04 9,456 .052 463
8.410 , 205 .432 10.891 .065 .498
9,232 .275 . 447 12.377 .084 529
14,246 170 .566
TABLE A1.2 Run 84 Data TABLE A1.2 Run 85 Data
GAS JET GAS GAS JET GAS
FLOWRATE LENGTH vOID FLOWRATE LENGTH vOID
(L/min} (m) FRACTION (L/min) {m) FRACTION
.635 .102 L5387 022 072
1,870 ,00¢e .200 1.129 .042 .278
2.285 ,018 .244 1.404 .058 .2858
3.296 .028 .299 1.937 . 120 . 347
3.912 .040 . 360 2.220 . 165 L372
5.102 .058 .410 2.751 .2258 .438
5,963 .088 .446
6.752 .120 . 485
7.666 . 145 .522
8.298 L2158 . 547

9.319 .270 .554




TABLE A1.2 Run 86 Data

GAS JET GAS
FLOWRATE LENGTH vOID
{L/min) (m) FRACTION
.603 .018 .393
1.091 .030 .459
1.832 .040 . 486
2.1980 062 .520
2.786 . 085 « 55T
3.349 . 138 .584
3.874 . 205 .607

TABLE A1.2 Run 81 Data
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TABLE A1.2 Run 87 Data

GAS JET GAS
FLOWRATE LENGTH vOID
{(L/min) {m) FRACTION
.425 L0358 .439
. 747 . 088 .506
1.025 122 .521
1.445 .133 .557
1.786 182 . 585

TABLE At1.2 Run 92 Data

GAS JET GAS
FLOWRATE LENGTH VOID
{(L/min) (m) FRACTION
5.14 . 143
8,646 . 007 .216
12.446 013 .288
16,328 025 . 348
20.988 .040 .419
25,461 057 . 479
28.315 L0717 v 523

GAS JET GAS
FLOWRATE = LENGTH VOID
(L/min) {(m) FRACTION
1.652 078
3.373 .003 . 145
5.039 010 . 197
6.700 017 .244
8.459 024 .292
10,342 .042 .328
12.184 .085 . 369
14,062 067 . 408
15.4942 .080 .443
18.122 .130 LAT76
20.478 . 160 .513

22.865 .210 541




TABLE A1.2 Run 93 Data

271

TABLE A1.2 Run 94 Data

GAS JET GAS
FLOWRATE  LENGTH VOID
(L/min) (m) FRACTION
. 804 002 .078
1.626 013 . 144
2.480 025 . 196
3.303 .043 . 247
4,059 .065 .286
4.905 . 100 332
5.734 . 140 . 369
6.493 .175 . 397
7.369 .210 431
8.178 .245 .462
8.986 .273 LATT

TABLE A1.2 Run 95 Data

GAS JET GAS
FLOWRATE LENGTH VQID
(L/min) (m) FRACTION
1.653 .003 . 169
2.974 010 .256
3.876 017 .288
5.067 .024 . 337
6.727 .038 .392
8.479 060 . 446
10. 360 .087 . 502
12.185 .134 . 543
14.015 .190 .581
15.895 . 300 . 531

TABLE A1.2 Run 96 Data

GAS JET GAS
FLOWRATE LENGTH vOID
(L/min) {m) FRACTION
.463 .003 117
1.631 .018 .247
2.828 .037 .310
3.820 L0562 L 372
. 987 .085%5 434
5.826 .114 L4686
6.595 172 . 488
7.472 325 .526
8.089 438 . 548

2.103 .590 . 591

GAS JET GAS
FLOWRATE  LENGTH VOID
(L/min) (m) FRACTION
.453 . 087 .249
1.270 . 153 352
2.150 .320 . 435
3.085 .520 573
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TABLE A1.2 Run 100 Data

GAS JET GAS
FLOWRATE LENGTH vOID
(L/min) (m) FRACTICN
. 766 L4582
1.219 . 020 573
2.077 .238 . 601
2.865 .383 .479

TABLE A1.2 Run 101 Data

GAS JET GAS
FLOWRATE LENGTH VOID
(L/min) (m) FRACTION
1.633 007 CHIT
3,233 017 .259
3,845 ,020 .294
5.027 .028 . 337
6.678 . 040 . 385
8.240 . 050 .426
10,300 . 060 . 485
12.128 075 .523
13.982 .115 .560
15.825 .225 .582

GAS JET GAS
FLOWRATE LENGTH VOID
(L/min) (m) FRACTICN
. 444 . 005 .09s8
1.571 .022 254
2.746 .035 . 320
3.719 . 0585 . 372
4.862 .070 .423
5.696 091 . 444
6.287 . 129 . 485
7.181 . 189 .515
7.793 .270 . 541
8.793 .383 . 567
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Appendix 2

PROPERTIES OF THE FREE JET

In this appendix the resuits of preliminary experiments
examining the influence of the throat length of the nozzle on
the gas entrainment rate for the plunging liquid jet are
presented. Also reported in this appendix are the
measurements for the expansion in the jet diameter as a
function of the free jet length.
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A2.1 INTRODUCTION

The entrainment characteristics of a plunging liquid jet are a function
of the jet velocity and diameter at the point of impact with the
receiving 1iquid. As illustrated in Figure A2.1 the jet diameter after
it Jeaves the nozzle is determined by the relaxation of the velocity
profile inside the jet and alsc by the interaction of the free surface of
the jet with the surrounding atmosphere (McMarthy and Molloy, 1974).

1

flow development region — -nozzle

fully developed
flow region

velocity relaxation
profile

approximate jet

boundary

Figure A2.1 Velocity profile transitions within the 1iquid jet
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The velocity relaxation inside the jet occurs as a result of the change
from a pipe flow velocity profile, when the liquid is inside the nozzle,
to a plug flow velocity profile once the jet has left the confines of the
nozzle. Further downstream the velocity profile changes from plug flow
to parabolic flow due to the interaction of the outer boundary of the jet
with the surrounding atmosphere. This interaction slows the velocity of
the jet at its free surface resulting in an expansion in the jet
diameter.

Associated with the velocity relaxation within the jet once it leaves the
nozzle is a lateral movement of the free surface of the jet which extends
beyond the original boundary of the jet diameter. The lateral motions of
the liquid create undulations on the jet surface which increase in
magnitude with increasing free jet length. The irreguiar nature of the
jet surface created by the undulations is often called the "surface
roughness” and jets which exhibit this characteristic are called rough
jets. The surface roughness is strongly infiuenced by the upstream
conditions of the jet delivery system. Disturbances such as swirl
generated by a pump, vibration from a motor or irregularities on the
inside surface of the pipework are all amplified once the liquid passes
through the nozzle, resulting in an increase in the surface roughness.

The jets used in this study were intended to simulate those types of jets
suitable for industrial applications. Industrial jets would normally
have rough surfaces created by the disturbances generated within the
delivery system. They would aliso need to give the maximum rate of gas
entrainment. In order tc achieve these prerequisites in the jet design a

preliminary set of experiments was performed,

The aims of the experiments reported in Appendix 2 were therefore,
firstly, to determine the nozzle design which gave the maximum rate of
gas entrainment and secondly, to measure the jet diameter as a function
of the free jet length for all jets used in this study. This data was
then used to gquantify the entrainment measurements given in Chapter 4.
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A2.2 EFFECT OF THROAT LENGTH ON JET EXPANSION
AND ENTRAINMENT RATE

The effect of the nozzle throat length on the jet expansion and rate of
entrainment was measured for the nozzles listed in Table A2.1. It can be
seen from the table that while the nozzle diameter was held constant at
4,76 mm, the normalised throat length ratio ranged from 0.7 - 16.4.

TABLE A2.1 Nozzle dimensions ?

Run Dn LN
(rom) 0]
17 4.78 16.38
65 4.76 13.24
67 4.76 6.81
68 4.76 3.28
69 4.76 1.89
70 4,76 0.74

' Symbols are defined in Figure 3.3

A2.2.1 Gas entrainment rate

The normalised entrainment rates as a function of the normalised jet
lengths for the nozzles given in Table A2.1 are given in Figure A2.2.
The jet velocity at the nozzle was constant at 11.5 m/s.
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Figure A2.2 Normalised entrainment rate vs normalised jet length
[ Ln/Dn = 16.4(A); 13.2(A); 6.8(Q); 3.8(8); 1.9(0);
0.7(€); P = 1000 kg/m3; pr = 0.001 Pa-s; o = 0.063N/m]

It can be seen from Figure A2.2 that for jet lengths less than
approximately 15 nozzle diameters, the entrainment rate was independent
of the throat length of the nozzle. Beyond 15 nozzle diameters, however,
the entrainment rate varied with throat length. 1In this region the
nozzle with the shortest throat length corresponded to the lowest rate of
entrainment. The entrainment rate then increased with increasing throat
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length, until at a throat length of approximately 7 nozzle diameters, the
entrainment rate became independent of the throat length.

The data presented in Figure A2.2 can be compared to the results of other
studies. McCarthy (1972) also studied the infiluence of the throat length
of the nozzle on the rate of gas entrainment., He found that for a jet
length of 30 nozzle diameters there was a maximum when the entrainment
rate was. plotted against the nozzle throat length as shown in

Figure A2.3.

Figure A2.3 Entrainment rate vs normalised nozzle throat length
( after McCarthy, 1972)
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From Figure A2,3 it can be seen that for throat length values below 8
nozzle diameters the entrainment rate increased steadily, reflecting the
increase in scale of the disturbances on the surface of the jet. For
throat lengths between 8 and 40 nozzle diameters there was an elevated
entrainment region which corresponded to the appearance of transverse
oscillations of the jet axis. Above throat lengths of 40 nozzle
diameters the transverse oscillations of the jet axis disappeared and the
entrainment rate became constant as a result of the fully developed pipe
flow within the nozzle.

1.5

1.4

1.3 4

1.1

0.9 Y

0.81

0.7 1

0.6 7

05 T ¥ M ¥ T T T T T T ¥ T T T T L Y Y Y
0 5 10 15 20

Ln
D

Figure A2.4 Normalised entrainment rate vs normalised throat length
[ Li/Dn = 15(0); 30(@); 45(T); 60(m)]
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In Figure A2.4 the entrainment measurements from Figure A2.2 have been
replotted as a function of the normalised throat length. It can be seen
from the Figure that for for a normalised jet length of 15 the normalised
gas entrainment rate was independent of the throat length. For
normalised jet lengths above 15 it can be seen that the normalised
entrainment rate varied with changing throat length. In the range of
throat lengths examined a maximum value in the normalised entrainment
rate was observed. As can be seen from Figure A2.4 the maximum
entrainment rate varied with throat length for the different normalised
jet length values.

It can be concluded that the results that for a given free jet length
above a normalised value of 15 there was an optimum throat length which
gave a maximum in the gas entrainment rate. The resuits also indicated
that the optimum throat length increased with increasing normalised free
jet length,

The reason why the normalised entrainment rate was independent of throat
length, for normalised jet length values less than 15, can be found from
Arai and Hashimoto (1986). They described the stability of a liquid jet
as being divided into three different regions as illustrated in

Figure A2.5, where the transition boundaries have been plotted as a
function of the jet weber number. Arai and Hashimoto based the Weber
number on the gas density, the nozzzle diameter, and the jet velocity
refative to the surrounding gas, i.e.

We; = Dugs(vy-1)" . (A2.1)
6

In Figure A2.5 Region I is where the surface of the jet is relatively
smooth; Region II is where the surface is disturbed and unstable surface
waves propagate along the continuous liquid jet; Region III is where the
1iquid jet breaks into droplets. Arai and Hashimoto observed, both
visually and using frequency response techniques, the transition between

the three regions outlined above.
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Figure A2.5 Transition boundaries for 1 mm diameter liquid jet
given by Arai and Hashimoto (1986)

Using the definition for the jet Weber number given by (A2.1), the
nozzles listed in Table A2.1 have a Weber number equal to 10. From
Figure A2.5 it can be seen that when Wej is equal to 10 the transition
from a smooth jet to one which surface waves dominate the surface occurs
at a free jet length of approximately 15 jet diameters. This value
corresponds to the normalised length where the experimental entrainment
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curves in Figure A2.2 start to deviate from each other, From this
observation it is possible to conclude that the position along the jet
surface where waves begin to develop i1s independent of the nozzle
conditions. However, the amplitude of the surface waves once they have
developed is a function of the nozzle throat length which resuits in
different rates of entrainment.
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Figure A2.6 Normalised jet diameter vs normalised jet length
[ Ln/Dn = 13.24(®); 6.81(M); 3.78(A)]
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A2.2.2 Jet expansion

The noFma]ised jet diameter has been plotted against the normalised jet
length as shown in Figure A2.6 for three different nozzle throat lengths.
It can be seen from the graph that the expansion in the jet diameter with
increasing jet length was the same when the normalised throat length was
greater than 7. This could possibly be due to the existence of fully-
developed turbulent flow within the troat nozzle, which resuited in the
same amplitude of the surface disturbances. When the normalised throat
length was less than 7, possibly the flow was not fully developed.
Consegquently the amplitude of the surface disturbances were less than
that for fully developed flow, which resuited in a reduction in the
overall expansion of the jet.

It can also be seen from Figure A2.6 that the difference in the rate of
jet expansion was not noticeable, however, until after a normalised free
jet length of approximately 13, when the surface of the free jet changed
from being smooth to rough. At this point the disturbances on the
surface were amplified, resulting in a greater change in the jet diameter
with jet length for each nozzle.

A2.3 JET DIAMETER MEASUREMENT

From the experimental results presented in Section A2.2, the maximum
entrainment rate was cobtained for nozzles which had a normalised throat
length greater than 13. Consequently, the nozzles used for ail further
entrainment studies had a normaiised throat length of at least 13. A
list of the nozzle dimensions used is given in Table 3.4. For these
nozzles the effective jet diameter was measured, using the procedure
outlined in Section 3.4.1, for a range of experimental conditions. A
summary of the experimental conditions is given in Table A2.2 and the jet

expansion measurements are given in Table A2.3.
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TABLE A2.2 : Summary of conditions for the jet expansion measurements
JET NOZZLE THROAT JET SURFACE  LIGUID LIQUID
NUMBER DIAMETER LENGTH VELOCITY TENSION DENSITY VISCOSITY)

(mm) (mm) (m/s) {mN/m) (kg/m3)  (mPas)
1 7.12 124 15.1 48 996.5 . 8513
2 7.12 124 11.5 48 996.5 .8513
3 7.12 124 7.8 48 987.0 8327
4 7.12 124 15.1 54 996.2 .8513
5 7.12 124 11,5 54 §97.3 L9111
6 7.12 124 1.8 55 9987.5 .8705
7 7.12 124 151 62 897.5 L8705
8 7.12 124 11.5 62 997.% .8705
9 7.12 124 7.8 62 997.5 . 9325
10 4.76 78 15.0 47 986.5 .8327
11 4.76 18 11.5 47 996.5 .8705
12 4,76 T8 7.8 48 896.5 . 8904
13 4,78 18 15.0 53 996.5 .8513
14 4,78 78 11.5 53 896.5 L8327
15 4.76 78 7.8 53 996.5 .8513
18 4,76 78 15.0 63 896,2 .8327
17 4,76 78 t1.5 65 996.8 L8705
18 4.76 78 7.8 62 987.3 L9111
19 2.38 36 15.0 48 997.5 . 9325
20 2.38 36 7.8 49 997.9 9548
21 2,38 36 15.0 53 997.5 .9325
22 2.38 36 11.5 54 967.5 ,9325
23 2.38 36 7.8 54 997.0 .8904
24 2.38 36 15,0 60 997.3 L2111
25 2.38 36 11.5 61 997.5 .9325
26 2.38 36 7.8 60 897.5 .9325
27 4,76 78 15.0 63 1061 1.6563
28 4.76 78 11.5 64 1061 1.653
29 4.76 18 7.8 62 1061 1.653
30 4.76 78 15,0 63 1114 2.854
31 4.76 78 11.5 65 1114 2.854
32 4,76 78 7.8 62 1114 2.854
33 4.76 78 15.0 24 784.0 2.12
34 4.76 €3 11.5 65 998.6 1.0563
35 4,76 32 11.5 65 999.1 . 9325
36 4,76 18 11.5 65 999, 1 L9111
37 4,76 9 11.5 64 998.9 . 9548
33 4.76 4 11.5 64 998.9 .8325
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TABLE A2.3 : Normalised jet diameter measurements
NORMALISED JET NUMBER
JET
LENGTH 1 2 3 4 5 6
0 1,000 1.000 1.000 1.000 1.000 1.000
1 1.040 1.020 1.011 1.034 1.031 1,015
2 1,100 1.051 1.043 1.094 1.062 1.046
3 1.145 1.084 1.075 1.138 1.092 1.092
4 1.190 1.130 1.075 1.182 1.123 1.092
5 1.236 1.162 1.106 1.227 1.169 1.123
6 1.280 1.117 1.122 1.256 1.215 1.139
7 1.295 1.177 1,138 1.271 1.200 1,169
8 1,295 1.208 1.138 1.330 1.246 1.184
9 1.341 1.240 1.185 1.360 1.277 1.246
10 1.341 1.240 1.153 1.404 1.308 1.246
11 1.341 1,303 1.185 1.434 1.339 1.231
12 1.416 1,287 1.201 1.389 1.339 1,262
13 1.448 1.334 1.216 1.434 1.339 1.277
14 1.431 1.318 1.216 1,464 1.354 1.293
15 1.462 1.350 1.216 1.434 1.385 1.308
16 1.462 1.318 1.216 1.449 1.385 1.354
17 1.537 1,350 1.248 1,471 1.369 1,324
18 1.506 1.318 1.296 1.522 1.447 1.338
19 1.492 1,397 1.279 1.552 1.447 1.400
20 1.521 1,350 1,296 1.507 1.416 1.369
21 1.567 1.366 1.233 1.507 1.462 1.354
22 1,582 1,382 1.248 1.552 1.477 1,385
23 1.612 1.334 1.233 1.522 1.569 1.369
24 1.582 1,334 1.201 1.5582 1,523 1.354
25 1.627 1.318 1.226 1.567 1.493 1,324
26 1.582 1.350 1,248 1.582 1.460 1.354
27 1.619 1,303 1.264 1.567 1.508 1,369
28 1.612 1.366 1.264 1.625 1.538 1.385
29
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TABLE A2.3 (contd) : Normalised jet diameter measurements

&

NORMALISED JET NUMBER
JET
LENGTH 7 8 9 10 1 12
0 1.000 1.000 1.000 1.000 1.000 1,000
1 1.001 1.014 1.020 1.031 1,027 1.016
2 1.074 1.076 1.035 1.084 1.027 1.044
3 1.089 1.092 1.066 1.123 1.069 1.030
4 1.133 1.107 1.066 1.149 1.097 1.058
5 1.148 1.138 1.082 1.201 1.097 1.100
6 1.207 1.170 1.128 1.228 1.183 1.114
7 1.207 1.201 1.128 1.267 1.168 1.100
8 1.237 1.247 1,159 1.280 1.168 1.142
9 1.252 1.264 1,169 1.280 1.168 1.142
10 1.266 1,232 1.174 1.306 1.181 1.170
11 1.280 1.279 1.174 1.358 1.224 1.170
12 1.310 1.264 1.174 1.306 1.238 1.142
13 1.32% 1.295 1.159 1.319 1.252 1.183
14 1.354 1.295 1.1588 1.398 1.266 1.170
15 1.310 1.295 1.180 1.358 1.280 1.197
16 1.339 1,310 1.190 1.437 1.280 1.183
17 1.354 1.341 1.205 1.398 1.280 1.197
18 1.443 1.341 1.205 1,385 1.294 1.211
19 1,399 1.326 1,236 1,398 1.294 1.170
20 1.428 1.373 1.190 1.385 1.294 1.211
21 1.413 1.341 1.252 1.450 1.308 1.2583
22 1.443 1.326 1.205 1.502 1.280 1.211
23 1.39¢ 1.310 1.174 1.515 1.323 1.239
24 1.384 1.295 1.174 1.5565 1.336 1.211
25 1.399 1.326 1.159 1.528 1.379 1.197
26 1.413 1. 341 1.174
27 1.413 1,264 1,208
28 1.368 1.310 1.174
29
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Normalised jet diameter measurements

NORMALISED JET NUMBER
JET
LENGTH 13 14 15 16 17 18
0 1.000 1.000 1.000 1.000 1.000 1.000
1 1.033 1.010 1.G21 1.004 1.018 1.008
2 1.061 1.052 1.062 1.089 1.044 1.080
3 1,117 $.080 1.048 1.086 1.085 1.079
4 1.144 1.0686 1,082 1.114 1.085 1.079
5 1.185 1.108 1.062 1.128 1.113 1,107
6 1.213 1.136 1.103 1.141 1.113 1.120
7 1.241 1.150 1.117 1.169 1,153 1.107
8 1.282 1.150 1,131 1.188 1.153 1.150
9 1.295 1.180 1.117 1,211 1.181 1.150
10 1,295 1.178 1.144 1.238 1.181% 1.150
11 1.364 1.207 1.158 1,224 1,235 1.150
12 1,364 1.193 1,186 1.251 1.262 1.192
13 1.378 1.207 1.159 1.279 1.262 1.206
14 1.392 1.235 1.15% 1.283 1,275 1.206
15 1.419 1.263 1.186 1,293 1.289 1,206
16 1.419 1,249 1.200 1.306 1.329 1.192
17 1.475 1,263 1,186 1.334 1.303 1.206
18 1,447 1.277 1.172 1.320 1.344 1.249
19 1.475 1,263 1.186 1.320 1.329 1,206
20 1.447 1.249 1.144 1.376 1.329 1.220
21 1.502 1,263 1,159 1.348 1.316 1.192
22 1.502 1.281 1.172 1,348 1.329 1.206
23 1.488 1.2489 1.200 1.417 $.316 1.220
24 1.516 1.249 1.158 1.348 1.357 1.192
25 1.475 1.305 1.172 1.348 1.329 1,178
26 1.305 1.376 1.178
27 1,403 1.220
28
29
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TABLE A2.3 (contd) : Normalised jet diameter measurements

NORMALISED JET NUMBER
JET
LENGTH 19 20 21 22 23 24

0 1.000 1.000 1.000 1.000 1.000 1.000
1 . 996 1.008 1.0058 1.005 1.017 1.015
2 1.034 1.028 1.066 1,024 .997 1.034
3 1.083 1.028 1.066 1.080 1.017 1.071
4 1,053 1.008 1.108 1.062 1,037 1.052
5 1.0563 1.047 1.127 1.100 1.037 1.089
6 1.073 1.067 1.127 1.080 1.037 1,108
7 1.110 1.047 1,186 1.119 . 997 1.089
8 1.092 1.087 1.166 1.100 1.057 1.108
9 1.082 1.067 1.146 1.119 1.037 1.146
10 1.073 1,087 1.207 1.119 1.077 1.128
11 1.092 1.125 1.227 1.138 1,097 1,146
12 1.092 1.128 1.207 1.138 1.117 1,146
13 1.110 1.165 1.227 1.138 1.097 1.165
14 1.110 1.106 1.247 1.175 1.077 1.183
15 1.169 1.106 1.267 1.156 1.077 1.202
16 1. 149 1.125 1.287 1.214 T.117 1.183
17 1.092 1.125 1.267 1.195 1.097 1.202
18 1.092 1.165 1.186 1.214 1.097 1.222
19 1.130 1.168 1.307 1.185 1.117 1.222

20 1.110 1.185 1.307 1.19§ 1.117 1.202

21 1,130 1.125 1.327 1.232 1.137 1.240

22 1.110 1.185 1,327 1.232 .17 1.259

23 1.110 1.165 1.367 1.232 1,117 1.222

24 1,110 1.185 1.327 1.175 1.117 1.222

25 1,130 1.185 1.307 1.185 1.137 1.222

26 1.130 1.165 1.347 1.214 1.156 1.259

27 1.130 1.1858 1.347 1.214 1.117 1.240

28 1.149 1.110

29 1.110 1.165

30 1.130 1.110

31 1.188 1.185

32 1.169 1.165

33 1,149 1.224

34 1.188 1.244

35 1.169 1.284
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Normalised jet diameter measurements

JET NUMBER
JET
LENGTH 25 26 27 28 29 30
0 1.000 1.000 1.000 1.000 1.000 1.000
1 1.016 1.010 1.006 1.011 1.013 1.027
2 1.036 1.031 1.094 1.085 1,043 1.041
3 1.074 1.072 1.109 1.099 1.074 1,096
4 1.074 1,051 1.122 1.099 1.104 1.124
5 1.094 1.093 1.182 1.113 1.119 1.159
6 1,055 1.093 1.195 t.128 1.119 T.151
7 1,133 1.093 1.225 1.157 1.149 1.207
8 1.094 1.113 1.195 1.216 1.180 1.193
9 1.133 1.113 1.185 1.245 1.149 1.221
10 1,133 1,155 1.210 1.259 1.194 1,235
11 1.153 1.1858 1.254 1.231 1.165 1.263
12 1.191 1.155 1.268 1.245 1.180 1,276
13 1.1583 1.155 1.298 1.274 1.180 1.305
14 1.191 1.196 1.254 1.25%9 1.180 1.290
15 1.191 1.175 1.298 1.274 1.165 1.305
16 1.153 1.175 1,268 1.289 1.180 1.276
17 1.172 1.196 1.298 1.377 1.194 1.263
18 1.191 1.216 1.313 1.304 1.210 1.290
19 1.191 1.196 1.298 1.274 1.194 1.332
20 .1 1.196 1.341 1.333 1.180 1.290
21 1.172 1.196 1.327 1,347 1.180 1.290
22 1.153 1.258 1.298 1.347 1.194 t1.276
23 1.191 1.175 1.268 1.347 1.180 1.305
24 1.211 1.237 1.3 1.347 1.194 1.318
25 1.231 1.216 1.268 1.304 1,180 1.318
26 1.231 1.258 1.268 1,333 1.165 1.263
27 1.231 1.237 1.298 1.319 1.165 1.332
28 1.258
29 1.258
30 1.258
31 1.258
32 1.258
33 1.258
34 1.299
38 1.237




TABLE A2.3 (contd)

290

: Normalised jet diameter measurements

NORMALISED JET NUMBER
JET
LENGTH 3 32 33 34 35 36

0 1.000 1.000 1.000 1.000 1.000 1.000
1 1.019 1.008 1.043 1.033 1.013 1.024
2 1.049 1.064 1.096 1.065 1.036 1.057
3 1.049 1.078 1.190 1.099 1.058 1.091
4 1.082 1.081 1.229 1.110 1.080 1.125
5 1.107 1.134 1.270 1.176 1.092 1.137
6 1.122 1.134 1.310 1.187 1.103 1.170
7 1.151 1.148 1.350 1.210 1.103 1.170
g 1.1561 1.176 1.350 1.221 1.125 1.215
9 1.180 1.190 1.363 1.221 1.114 1.238
10 1.180 1.176 1.376 1.254 1.136 1.249
11 1.195 1.204 1.403 1.254 1.114 1.260
12 1.185 1.204 1,444 1.277 1.158 1,293
13 1,208 1.176 1.417 1.288 1.125 1.316
14 1.180 1.204 1.430 1,298 1.169 1.33¢9
15 1.209 1.218 1.457 1.298 1.188 1.350
16 1.195 1.176 1.484 1.332 1,158 1,305
17 1.253 1.232 1.470 1.365 1.125 1.373
18 1.224 1.246 1.537 1.321 1.136 1.350
19 1.239 1.204 1.497 1.354 1.147 1.350
20 1.239 1.232 1.510 1.365 1.147 1.373
21 1.268 1.248 1.537 1,365 1.169 1.373

22 1.268 1.190 1.617 1.169 1.395
23 1.209 1.176 1.564

24 1.253 1.190 1.591

25 1.239 1.218 1.550

26 1.239 1.190

27 1.253 1,232

28

29




TABLE A2.3 (contd) : Normalised jet diameter measurements

eNn

NORMALISED JET NUMBER
JET
LENGTH 37 38 39 40 41 42
0 1.000 1.000 1,000
1 1.015 1.039 1.026
2 1.0M 1.064 1.076
3 1.092 1.127 i.114
4 1.137 1.189 1.127
5 1,148 1.202 1.127
6 1.170 1.227 1.182
7 1,204 1.240 1.152
8 1.226 1.265 1,139
9 1.238 1.290 1.127
10 1.249 1,302 1.152
11 1.282 1.327 1.139
12 1.2711 1.365 1.152
13 1,258 1.327 1.1582
14 1,293 1.327 1.114
15 1.282 1.308 1.114
16 1.304 1.327 1.127
17 1.293 1.315 1.089
18 1.271 1,315 1.089
19 1.304 1.315 1.088
20 1.259 1,340 1.101
21 1.282 1.340 1.064
22 1.304 1.315 1.089
23 1.2¢0 1.076
24 1.315 1.064
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Appendix 3

BUBBLE SIZE MEASUREMENT

In this appendix the measured bubble diameter distributions
for the mixing, and uniform two-phase flow zones are
reported. Also included in this appendix are the Sauter mean
diameter, and maximum bubble diameter which has been taken as
the value which is greater than 99% of all the measured
bubble diameters in the cumulative frequency distribution.
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TABLE A3.1 Summary of experimental bubble diameter results
Run Qg/Q1 Max diameter Sauter mean
Mixing Two-phase Mixing Two-phase
zohe 20ne Zone zone
2 .118 222 221 129 138
5 .116 280 271 156 168
8 LA17 a87 449 242 285
11 . 129 248 364 183 236
14 .129 222 386 136 245
17 127 406 412 270 289
23 . 127 412 £43 233 384
32 127 318 324 187 209
41 . 131 294 418 181 264
64 , 125 380 409 231 263
72 . 114 441 487 264 3tz
74 .126 584 639 349 420
75(1) .126 543 640 324 424
75(2) .296 523 £84 341 408
75(3) .645 698 726 468 445
76¢1) . 125 718 747 430 506
78 131 594 7138 372 552
81 114 518 767 314 466
84 .27 614 794 378 479
87 130 716 773 488 557
3501) .125 531 §94 332 472
101 24 611 586 360 419

All diameter values given in microns

Gas-to-liquid volumetric flow ratio is at gas inlet conditions

Max diameter is the size corresponding to the 99% value on the
cumulative frequency distribution for the measured diameters
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TABLE A3.2 : Percentage frequency distribution of bubble diameter
measurements for mixing zone ( 200 mm sample port)

SIZE® RUN NUMBER
BAND
(um) 2 5 8 11 14 17
0~ 25 9.88 7.67 2.62 4.95 4.56 2.97
25 - 50 36.63 26,99 23.28 23,63 24,48 24.75
50 - 75 21.40 19.94 21.97 16.21 20.75 17.16
75 - 100 9.88 16.26 10.16 22.25 17.84 10.89
100 ~ 125 9.88 11.04 7.54 12.09 13.28 5.28
125 - 150 6.17 7.36 10.16 6.59 8. 30 6.27
150 - 175 1.65 4.29 5.57 5,22 5.39 2,64
175 - 200 2.06 1.53 3.28 4,40 3.32 5.94
200 ~ 225 1.65 2.15 3.28 1.92 1.24 5.28
225 - 250 .82 .92 1.97 1.92 .41 3.30
250 - 275 .00 .61 1.64 .55 .41 1.98
275 - 300 .00 1,23 2.62 .27 .00 3.30
300 - 325 .00 .00 2.30 .00 .00 3.96
325 - 350 .00 .00 .66 .00 .00 2.31
350 - 375 .00 .00 1.64 .00 .00 1.65
375 - 400 .00 .00 .66 .00 .00 .99
400 - 425 .00 .00 .66 .00 .00 1.32
425 - 450 .00 .00 .00 .00 .00 .00
450 - 475 .00 .00 .00 .00 .00 .00
475 - 500 .00 .00 .00 .00 .00 .00
Total 100,00  100.00  100.00  100.00  100.00  100.00
SIZE RUN NUMBER
BAND
Cum) 23 32 41 64
0 - 25 4.93 7.05 7.26 10.50
25 - 50 24,01 24,36 21.55 28.61
50 - 75 15.13 22.12 15.74 18.37
75 - 100 9.87 12.50 14,29 10.50
100 - 125 10.20 9.62 9.20 7.87
125 - 150 7.89 7.69 11.14 3.94
150 - 175 8.22 4.49 7.02 5.25
175 — 200 7.24 3.53 3.39 5.25
200 ~ 225 3.95 3,85 4,84 2.62
225 - 250 2.30 1.60 2.91 1.84
250 ~ 275 1,32 .64 .73 1.05
275 - 300 1.64 .64 1,21 1,31
300 - 325 .66 1.28 .13 .52
325 - 350 .33 .32 .00 .79
350 - 375 .33 .32 .00 .26
375 - 400 .33 .00 .00 .52
400 - 425 1.32 .00 .00 .52
425 - 450 .33 .00 .00 .26
450 - 475 .00 .00 .00 .00
475 - 500 .00 .00 .00 .00

Total 100.00 100.00 100.00 100.00
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TABLE A3.2 (cont’'d) : Percentage frequency distribution of bubble
measurements for mixing zone

SIZE RUN NUMBER
BAND

(pm) 72 74 75(1) 75(2) 75(3) 76(1)

0 - 50 15.50 21,86 15.00 9.84 8.10 3.14
50 - 100 26.10 32.51 28.53 32.68 23.05 12.04
100 - 150 19.12 13.93 20.59 9,45 18,69 13.09
150 - 200 17.05 9.56 11.47 13.78 10.28 7.85
200 - 250 9,82 6.83 8.53 9,45 7.48 15.71
250 - 300 4,65 5,46 4.71 8.27 6.85 12.04
300 - 350 3.10 4,64 3.53 5,51 5.30 14,14
350 - 400 2.58 1.09 2.06 3.04 3.74 3.66
400 - 450 1.29 1.64 3.24 2.36 2,80 4,71
450 ~ 500 .78 .27 .59 3.54 2.80 5.24
500 - 550 .00 .82 .88 .39 4,05 1.57
550 - 600 .00 .55 .88 .39 2.18 3.66
600 - 650 .00 .27 .00 .39 1.87 1.05
650 - 700 .00 .27 .00 .00 1.87 .52
700 - 750 .00 .27 .00 .00 L 31 1.57
750 - 800 .00 .00 .00 .00 .62 .00
800 - 850 .00 .00 .00 .00 .00 .00
850 - 900 .00 .00 .00 .00 .00 .00
900 - 950 .00 .00 .00 .00 .00 .00
950 -1000 .00 .00 .00 .00 .00 .00
Total 100.00 100.00 100.00 100.00 100. 00 100.00

SIZE RUN NUMBER
BAND
(pm) 78 81 84 87 35(1) 101

0 - 50 10.58 20,39 9.83 16.96 18.26 12.50
50 - 100 28,85 24,92 24,28 24,70 33,53 28.21
100 ~ 150 11.54 11.97 17.92 13.69 11.38 18.59
150 - 200 11.54 13.27 10,98 8.04 7.78 9.62
200 - 250 6.41 8.09 8.09 3,87 7.19 8.97
250 ~ 300 9,62 8.09 8.09 5.65 6.89 5.45
300 - 350 4.81 4,21 4.62 4.46 5.99 6.73
350 ~ 400 6.41 4.85 5.78 4,46 4.19 3.21
400 - 450 4,81 2.27 4,62 4,46 1.80 1.92
450 - 500 1.92 .32 2,31 2.98 .90 1.92
500 - 550 2.24 1.62 1.45 2.68 1.80 1.28
550 - 600 .32 .00 .87 3.27 .30 .32
600 ~ 650 .96 .00 .58 2.08 .00 1.28
650 ~ 700 .00 .00 .58 1.49 .00 .00
700 - 750 .00 .00 .00 .60 .00 .00
750 - 800 .00 .00 .00 .30 .00 .00
800 - 850 .00 .00 .00 .30 .00 .00
850 - 900 .00 .00 .00 .00 .00 .00
900 - 950 .00 .00 .00 .00 .00 .00
950 -1000 .00 .00 .00 .00 .00 .00

Total 100.00 100.00 100.00 100.00 100.00 100.00
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TABLE A3.3 : Percentage frequency distribution of bubble diameter
measurements for uniform-two-phase-flow z0ne
SIZE RUN NUMBER
BAND
(m) 2 5 8 1! 14 17
0 - 25 14,97 9.87 5.50 6.73 3.38 5.78
25 - 50 31.63 29.93 17.15 23.55 26,46 26.19
80 - 75 16.33 16.78 15,86 18.96 16.62 17.69
75 - 100 13.95 73,16 11.00 11,93 11.38 10.54
100 - 125 6.80 10.53 1.77 7.03 9.23 4.76
125 - 150 5.44 4.61 5.18 5.20 4,62 4.08
150 - 175 5.78 4,93 4,85 6.12 4.31 2,38
176 -~ 200 2.38 3.62 3.24 4,28 3.59 4.08
200 -~ 225 2.04 2.30 3.24 3.98 4,92 1.70
225 - 250 .68 1.64 2.59 2.45 5.85 4.42
250 - 275 .00 1.97 6.80 2,36 1.54 3.06
275 - 300 .00 .66 4,21 1.22 3,38 3.06
300 - 325 .00 .00 5.83 2.14 .62 3.74
325 - 350 .00 .00 1,94 1.53 t.54 2.38
350 - 375 .00 .00 1.29 .92 .92 2.04
375 - 400 .00 .00 1.29 Rl 1.23 2.38
400 - 425 .00 .00 .65 « 31 R 1.36
425 « 450 .00 .00 .65 .00 .00 .34
450 ~ 475 .00 .00 97 .60 .00 .00
475 - 500 .00 .00 .00 .00 .00 .00
Total 100.00 100,00 100.00 10¢.00 100.00 100.00
SIZE RUN NUMBER
BAND
(pm} 23 32 41 64
0~ 25 3.18 5. 81 7.43 14.09
25 - 50 30.04 28.44 24.77 29.90
50 -~ 175 13.07 18.65 16. 41 18.56
i5 - 100 4.59 10.40 10.563 10.65
100 - 125 2.12 12.54 8.98 3.78
125 - 1580 2.47 4,89 4.95 3.78
150 - 175 2.47 3.98 5.26 2.41
175 - 200 1.41 3.98 4,95 1.37
200 - 225 1.77 2.75 3. 41 3.44
225 - 250 2.47 1.83 2.79 1.72
250 - 275 2.12 2.14 3.10 3.09
275 - 300 3.89 1.83 1.55 .69
300 - 325 4,24 1.83 .93 3.09
325 - 350 4,24 .92 .31 .69
350 - 375 4.59 .00 .93 1,03
375 - 4060 3.18 .00 1.86 .34
400 - 425 4,59 .00 1.24 1.03
425 - 450 4.24 .00 .62 .34
450 - 475 1. 41 .00 .00 .00
475 - 500 1.06 .00 .00 .00
Total 97.17 100.00 100.00 100.00
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TABLE A3.3 (cont’d) : Percentage frequency distribution of bubble
measurements for uniform-two-phase-flow zone

SIZE RUN NUMBER
BAND
(m) 72 74 75(1) 75(2) 75(3) 761)
0- 50 23.84 17.34 23.46 23.93 14,48 9.22
50 - 100 28.81 34,37 28.79 23.93 28.96 14,56
100 - 150 14,24 13.93 7.41 8.59 12.12 6.31
150 - 200 9.93 5.57 5.56 7.36 10.77 5,34
200 - 250 6.95 4,02 4,01 2.15 6.40 4,37
250 - 300 4,97 6.19 5.56 8.90 8.42 6.31
300 - 350 3,31 4,95 8.33 5.83 4,71 7.28
350 - 400 3.64 2,48 5.25 5,21 4.71 10,68
400 - 450 2.32 2.79 3.70 5.21 2.02 8.74
450 - 500 1,32 3.41 2,78 3.37 1.68 11.17
500 - 550 .66 1.55 1.23 2,45 1.35 4,37
550 - 600 .00 2.17 1.54 3.07 1.01 1.94
600 - 650 .00 L 31 1.85 .00 1.35 2.91
650 - 700 .00 .31 .62 .00 .67 5.34
700 - 750 .00 .62 .00 .00 .67 .49
750 - 800 .00 .00 .00 .00 .34 .49
800 - 850 .00 .00 .00 .00 .34 .49
850 - 900 .00 .00 .00 .00 .00 .00
900 - 950 .00 .00 .00 .00 .00 .00
950 -1000 .00 .00 .00 .00 .00 .00
Total 100.00 100.00 100.00 100.00 100.00 100.00
SIZE RUN NUMBER
BAND
(m) 78 81 84 87 95(1) 101

0 - 50 18.15 20.18 25.47 4,73 11.38 7.07
50 - 100 20,97 22.59 24,53 16.73 17.07 26,26
100 - 150 10.89 7.53 8.70 8.36 13.01 6.40
150 - 200 3,23 7.53 4.35 4.73 2.44 6.06
200 - 250 2.02 8.43 4.04 2.55 2.44 7.41
250 - 300 2.42 9,34 5.59 5.82 6.50 5.05
300 - 350 2.02 6.63 8.39 4,73 6.50 8.08
350 - 400 4.44 4.82 4,04 3.27 8.13 9.09
400 - 450 2.82 3.92 5.90 8.73 11.38 8.42
450 - 500 6.45 2.1% 2.80 6.18 6.50 8.08
500 - 550 8.47 1.81 2.48 12.00 4,88 5.39
550 - 600 6.85 1.20 .62 7.64 6.50 2.36
600 - 650 4.84 .90 .62 4,00 .81 .34
650 - 700 3.63 1.51 .3 5.82 1.63 .00
700 - 750 2,42 .30 .62 2.91 .81 .00
750 - 800 . 40 .60 .62 1,82 .00 .00
800 - 850 .00 .30 .31 .00 .00 .00
850 - 900 .00 .30 .62 .00 .00 .00
900 ~ 950 .00 .00 .00 .00 .00 .00
950 -1000 .00 .00 .00 .00 .00 .00
Total 100.00 100,00 100,00 100.00 100.00 100.00
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Appendix 4

AXIAL PRESSURE PROFILE AND SUBMERGED
JET ANGLE MEASUREMENTS

In this appendix the measured axial wall pressure profiles
for experimental runs are reported. Also included in this
appendix are values for the submerged jet angle which have
been determined from the pressure profiles.
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TABLE A4.1 : Pressure summary and submerged jet angle measurements

RUN Qa/Q1 PRESSURE TWO-PHSE  MIXING  SUEMERGED
NUMBER DENSITY ZONE JET
ATM HDSPCE LENGTH ANGLE
(kN/m2)  (kN/m2)  (kg/m3) (mm) (deg)

#1 #2 #3 #4 #5

2 .118 101.19 89.29 888 175 1.2
5 116 101.19 90.23 890 170 7.4
8 17 103.19 89.61 882 175 7.2
11 .129 101.19 89.48 876 150 8.4
14 129 103.59 91.29 874 148 8.5
17 127 103.19 91,84 847 148 8.5
23 127 103.19 82.71 805 72 17.1
32 127 101.33 81.37 329 198 6.4
41 131 101.86 90.19 984 223 5.7
64 . 125 101.59 91,42 849 148 8.5
72 .114 102.79 93.12 872 247 8.6
74 .126 101.33 92,29 822 248 8.5
75(0) 101.19 890.78 999 150 13.9
75(1) . 126 101.19 92.74 800 170 12.3
75(2) .296 101.19 94.64 620 216 9.8
75(3) .645 101.18 96,71 474 260 8.1
76(0) 101.19 90.98 1000 50 36.6
76(1) .125 101.19 94,04 750 74 26.7
i8 131 101.86 96.78 553 113 18.2
81 114 103.19 93,42 869 248 8.5
84 127 100.79 92.48 786 166 12.6
87 .13 101.08 95.67 563 115 17.9
85(0) 101,486 91.36 1000 125 16.6
95(1) .125 101.48 94,73 159 157 16.9
95(2) . 205 101.46 85.81 618 198 13.5
95(3) . 645 101. 486 98.35 455 227 11.9
101 .124 101.86 94.73 743 153 17.3

#1

#2

#3

84

#5

used to normalise pressure readings given in Table A4.?2
pressure in headspace of downcomer (Po in eq 5.52)

calculated from differential pressure readings for uniform
two-phase flow zone (assumed to be same as eddy density)

distance from tip of nozzle where wall pressure gradient
becomes constant

taken as inverse tan (column radius/mixing zone length)
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Table A4.2 : Normalised Absolute Axial Wall Pressure Profiles

L

DISTANCE RUN NUMBER
FROM NOZZLE
{mm) 2 5 8 11 14 17
] .878 .880 .878 L8485 .898 . 901
50 .881 .883 .883 .889 . 901 . 904
100 .889 .891 . 886 . 907 . 909 .912
150 .918 .918 .898 .923 .924 . 926
200 .929 .929 L9258 .229 .930 .932
250 .933 .934 .934 .933 .935 . 936
300 .938 .938 .938 .938 .939 .941
350 . 942 . 943 . 943 . 942 .943 . 945
400 . 947 . 947 .847 . 947 . 948 . 949
450 951 .952 .952 . 951 .952 L9583
500 .956 . 956 . 958 . 956 956 .958
550 . 860 . 960 . 960 . 960 .961 .962
600 . 964 .965 . 965 964 . 965 . 966
650 . 969 . 969 . 969 .969 .969 .870
100 .873 .974 .974 .973 .974 .975
750 .878 .978 .978 .978 .978 .979
800 .882 . 982 . 982 .982 . 982 . 983
850 . 987 .987 . 987 . 987 . 987 . 887
Q00 . 8991 .961 . 991 . 991 . 991 . 992
950 .996 . 996 . 996 . 996 . 986 .996
1000 1.000 1.000 1.000 1.000 1.000 1.000
DISTANCE RUN NUMBER
FROM NOZZLE
(mm) 23 32 41 84 72 74
0 917 .892 .884 ,899 .902 . 909
50 .922 .897 .889 .903 .906 912
100 .928 . 901 .893 . 909 .910 .916
150 .632 . 909 . 903 .925 .914 .921
200 .935 .828 .920 . 931 .920 L8931
250 .939 . 931 .826 .936 . 931 . 937
300 .943 .936 . 932 .840 .9839 . 942
350 . 947 941 .936 . 945 .944 . 546
400 . 951 . 945 . 941 . 949 . 949 . 950
450 .956 . 950 . 946 .953 . 953 .954
500 . 960 .954 .951 . 957 .957 .958
550 .964 . 959 . 956 . 8962 .962 .962
600 . 968 .963 . 961 . 966 . 966 .867
650 972 .968 . 9686 .970 L3970 971
700 .976 . 872 971 .974 .974 . 975
750 . 980 L9177 . 976 .979 .879 .979
800 . 984 .982 . 980 . 283 . 983 ,983
850 ., 988 .986 .985 .987 .987 . 987
800 .992 . 991 . 990 .991 .991 . 992
950 . 996 . 995 . 995 . 996 . 996 . 996

1000 1.000 1,000 1.000 1.000 1.000 1,000




301
Table A4.2 (cont) : Normalised Absolute Axial Wall Pressure Profiles

—— e

— e

DISTANCE RUN NUMBER
FROM NOZZLE
(mm) 75(0) 75(1) 15(2) 75(3) 76(0) 76(1)
0 .895 .914 .933 .949 .898 .929
50 . 900 917 .932 . 949 .902 . 928
100 .904 921 .935 . 949 . 807 .932
15C 810 . 926 .938 . 949 .913 .935
200 L9139 .934 . 944 . 953 .919 .939
250 . 925 .939 . 950 .958 .925 .944
300 . 930 . 944 .955 . 960 . 930 .948
350 .935 . 948 . 959 .963 .935 .9562
400 .940 .952 .962 . 266 . 940 . 956
450 . 945 .956 . 965 . 969 .945 . 959
560 . 950 . 960 .968 .973 .950 . 963
550 . 955 .964 . 971 L9717 . 955 . 967
600 . 960 .968 .974 . 981 .960 .870
650 . 965 872 977 . 984 .965 .974
700 970 .976 . 981 . 986 970 .978
750 975 . 980 . 984 . 988 .975 . 981
g00 880 .984 . 987 . 991 . 980 . 985
850 . 985 . 988 .990 .993 .985 . 989
200 . 8990 .992 . 983 .995 .980 .993
850 .985 .996 . 987 .998 . 995 . 996
1000 1.000 1.000 1.000 1.000 1.000 1.000
DISTANCE RUN NUMBER
FROM NOZZLE
(mm) 78 81 84 87 95(0) 95(1}
0 . 948 . 901 914 . 942 902 +926
50 . 946 . 906 .918 .944 . 907 .929
100 .949 . 909 .922 . 947 . 912 . 932
150 .952 .814 .926 .950 .916 . 836
200 954 .918 .934 . 953 . 921 .940
250 . 958 .830 . 940 . 956 .928 . 945
300 . 961 .93¢9 . 944 . 960 . 934 . 950
350 . 964 .944 . 948 . 963 . 940 . 955
400 . 967 . 949 .952 . 965 .945 . 959
450 .969 .953 .956 . 968 .9580 . 962
500 .972 . 957 . 960 971 .955 . 366
550 .975 .962 .964 .974 . 960 .970
600 .978 . 966 .968 L9717 .965 .974
650 . 980 .970 L8972 . 980 .870 .977
700 .983 .974 L9768 .983 .975 . 981
750 .986 .979 . 980 . 986 . 980 . 985
800 .889 .983 . 984 . 988 .985 .989
850 .992 . 987 .988 . 991 . 990 . 892
900 . 994 . 991 .992 .994 .995 . 996
950 .997 .996 .996 . 997 1.000 1.000

1000 1.000 1.000 1.000 1.000 1.000 1.000
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Table A4.2 (cont) : Normalised Absolute Axia) Wall Pressure Profiles

DISTANCE RUN NUMBER
FROM NOZZLE

{mm) 95(2) 95(3) 101

0 .940 .965 .927
50 . 840 . 965 .930
100 .945 .965 .934
150 . 948 . 965 .937
200 .951 . 965 .941
250 .954 L9867 . 046
300 .957 ., 968 . 951
350 .061 .970 .955
400 . 966 972 0859
450 .969 .975 . 963
500 .972 L9717 967
550 ., 975 . 980 .970
600 .978 .983 L9874
650 .981 .986 .978
700 .084 . 088 . 981
750 .988 .991 .985
800 .991 .993 . 989
850 .994 .945 .993
900 .097 . 998 .996
950 1.000 1.000 1.000

1000 1.000 1.000 1.000
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Appendix 5

CALCULATIONS FOR CHAPTER 4

In this appendix the calculations for the thickness of the
entrained gas film, the jet Weber number, and the induction
trumpet Capillary number are reported.
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TABLE A5.1 : Data for Figure 4,16 (Weber no vs film entr rate)

RUN NOZZLE LIQUID SURFACE  LIQUID JET NORM( 1)
NUMBER  DIAMETER FLOWRATE  TENSION  DENSITY WEBER FILM
(mm) (L/min) (mN/m) (kg/m3) NUMBER  ENTRAIN,
1 7.12 36.035 48 996.5 33633 .278
2 7.12 27.555 48 896.5 19666 .210
3 7.12 18.740 48 997.0 2101 178
4 7.12 36.035 54 996.2 29887 .303
5 7.12 27.5585 54 997.3 17495 .259
6 7.12 18.740 55 997.5 7946 . 181
7 7.12 36.035 62 997.5 26064 .296
8 7T.12 27.555 62 897.5 16241 .208
5 7.12 18.740 62 997.5 7049 . 147
10 4.76 16,011 47 986.5 22694 . 360
11 4,76 12.248% 47 996.5 13282 .293
12 4.76 8.324 48 996.5 6006 AT
13 4.76 16.011 53 996,5 - 20125 . 355
14 4.76 12,249 53 996.5 11778 270
15 4.76 8.324 53 986.5 5440 161
16 4.76 16.011 63 996.2 16925 . 342
17 4.76 12.24% 65 996.8 8607 271
18 4,76 8.324 62 987.3 4654 142
19 2,38 4.004 48 997.5 11129 .299
20 2.38 3.062 49 997.3 6374 . 268
21 2.38 2.082 49 997.9 2849
22 2.38 4.004 53 997.5 10079 .382
23 2.38 3.062 54 887.5 5785 . 140
24 2.38 2.082 54 997.0 2673
25 2.38 4.004 60 997.3 8901 .334
26 2.38 3,062 61 997.5 5121 . 161
27 2.38 2.082 60 997.5 2407
28 7.12 36.035 64 1064 26933 . 345
29 7.12 27.555 63 1064 15999 .243
30 7.12 18.740 62 1064 7519 .214
31 4.76 16.011 83 1061 18026 . 305
32 4.76 12,249 64 1061 10386 .268
33 4,76 8,324 62 1061 43851 .110
34 2.38 4.004 64 1061 8878 . 367
35 2,38 3.062 64 1061 5182 .018
37 7.12 36.035 53 1114 34051 .373
38 7.12 27.555 53 1114 19911 225
39 7.12 18.740 53 1114 9209 . 165
40 4,76 16.011 63 1114 18927 .382
41 4.76 12.249 65 1114 10737 .289
42 4.76 8.324 62 1114 5198 191
43 2.38 4.004 63 1116 9486 . 201
44 2.38 3.062 62 1116 5637 .082
45 7.12 36.035 24 784.0 52921 .228
47 7.12 27.555 24 784.0 30944 .201
48 7.12 18.740 24 784.0 14313 . 145
49 4,76 16.011 24 784.0 34965 .249
50 4.76 12,249 24 784.0 20465 . 169
51 4.76 §.324 24 784.0 9451 .230
55 7T.12 12,249 54 997.3 3457 064




TABLE AS5,1 (cont):
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Data for Figure 4.16 (Weber no vs film entr rate)

RUN NOZZLE LIQUID SURFACE  LIQUID JET NORM( 1)
NUMBER  DIAMETER FLOWRATE  TENSION  DENSITY WEBER FILM
(mm) (L/min) (mN/m) (kg/m3)  NUMBER  ENTRAIN.
56 2.38 8.324 54 997.3 42745 . 708
€4 4.76 12,249 65 998.6 9624 . 267
65 4.76 12.249 65 998.6 9624 .247
66 4.76 12.249 65 998.6 9624 .255
67 4.76 12.249 65 999.1 9629 .264
€8 4.76 12.249 65 999.1 9629 .259
69 4.76 12.249 64 9968.9 9778 270
71 T.12 36.035 65 998.0 24874 .248
72 T.12 27.555 63 998.0 15006 . 160
73 7.12 18.740 63 998.0 6941 .065
74 4.76 16.011 65 998.9 16449 175
75 4,76 12.249 63 988.8 9932 .110
76 4,76 8.324 64 998,8 4815 .035
77 2,38 4.004 63 898.2 8485
78 2,38 3.062 64 998.2 4885
21 17.12 36.038 635 988.4 24884 . 226
92 7.12 27.555 65 998.9 14558 111
83 T.12 18.740 €3 998.8 6946 .036
95 4.76 12.249 €3 898.8 9932

(1)

measured film entrainment rates were obtained by extrapolating
the experimental entrainment rate vs Jjet diameter curves to zero
jet expansion.

The measured rate was norm
the 1liquid volumetric rate.

alised by dividing by
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TABLE A5.2 : Data for Figure 4.20 (eddy velocity vs film thkness)

RUN NOZZLE COLUMN LIQUID EDDY(1) EDDY(2) FILM(3)
NUMBER DIAMETER DIAMETER FLOWRATE FLOWRATE VELOCITY THKNESS
(mm) (mm) (L/min) (L/min) {m/s) (um)
1 7.12 44 36.035 58.791 2.578 434
2 7.12 44 27.555 44,956 1.971 353
3 7.12 44 18.740 30.574 1.341% 297
4 7.12 44 36.035 58.791 2.578 455
5 7.12 44 27.555 44,956 1.871 393
6 7.12 44 18.740 30.574 1.341 308
7 7.12 44 36.035 58.791 2.578 448
8 T7.12 44 27.555 44,956 1.971 351
9 7.12 44 18.740 30.574 1.341 267
10 4.76 44 16.011 44,353 1.845 403
11 4.76 44 12.249 33,932 1.488 342
12 4,76 44 8.324 23.059 1.01% 234
13 4,76 44 16.011% 44,353 1.945 401
14 4.76 44 12.249 33.932 1.488 327
15 4.76 44 8.324 23.0568 1.011 226
16 4,76 44 16.011 44,353 1.945 393
17 4.76 44 12.249 33,932 1.488 340
18 4.76 44 8.324 23.059 1.011 208
19 2.38 44 4.004 24.806 1.088 239
20 2,38 44 2.062 18,970 .832 217
21 2.38 44 2.082 12.899 .566
22 2.38 44 4,004 24.806 1.088 283
23 2.38 44 3.0€2 18.970 .832 136
24 2.38 44 2.082 12.899 .566
25 2.38 44 4,004 24.8086 1.088 246
26 2.38 44 3.062 18.970 . 832 152
27 2.38 44 2.082 12.899 . 5656
28 T.12 44 36,035 58.7T91 2.578 475
29 T.12 44 27.555 44,956 1.971 375
30 7.12 44 18.740 30.574 1.341 320
31 4.76 44 16.011 44,353 1.845 365
32 4.76 44 12.249 33.932 1.488 321
33 4.76 44 8.324 23,089 1.011 175
34 2.38 44 4,004 24,806 1.088 273
35 2.38 44 3.062 18.970 . 832 20
37 7.12 44 36.02358 58. 791 2.578 486
38 7.12 44 27.555 44,956 1.871 357
39 7.12 44 18,740 30.574 1.341 278
40 4,76 44 16.011 44,353 1.945 405
41 4,76 44 12.249 33.932 1.488 331
42 4,76 44 8.324 23.059 1.011 243
43 2.38 44 4,004 24.806 1.088 182
44 2.38 44 3.062 18.970 .832 86
46 7.12 44 36,035 68.791 2.578 413
47 71.12 44 27.555 44,956 1.971 364
48 T.12 44 18.740 30.574 1.341 279
49 4,76 44 16.011 44,3583 1.945 346
&0 4.76 44 12,249 33.932 1.488 260
51 4.76 44 8.324 23.059 1.0M1 292
L3 7.12 44 12,249 19,984 .876 149
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TABLE A5.2 (cont): Data for Figure 4.20 (eddy veloc vs film thkness)

RUN NOZZLE COLUMN LIQUID EDDY(1) EDDY(2) FILM(3)

NUMBER DIAMETER DIAMETER FLOWRATE FLOWRATE VELOCITY THKNESS

{mm) (mm}) (L/min)  (L/min) {m/s) (um)

58 2.38 44 8,324 51.570 2.261 463

64 4,76 44 12.249 33.932 1.488

65 4.76 44 12.249 33.932 1.488

&6 4.75 44 12.249 33.932 1.488

67 4.76 44 12.249 33.032 1.488

63 4.76 44 12.24%9 33,932 1.488

69 4.76 44 12.249 33.932 1.488

71 7.12 44 36.035 58.791 2.578 409

12 7.12 74 27.555 88.082 1.365 310

73 7.12 T4 18.740 59.904 . 929 182

T4 4.76 74 16.011 81,755 1.267 273

75 4.76 74 12.249 £2.545 970 192

76 4,76 4 8.324 42.504 .659 73

17 2.38 74 4,004 43,488 674

78 2.38 74 3.062 33.257 .516

91 7.12 85 36.035 154.585 1.454 399

92 7.12 85 27.555 118.207 1.112 253

g3 7.12 95 18.740 §0.392 156 107

a5 4.76 95 12,248 82.556 LI76

(1) calculated from (4.45),
(2) calculated from (4.24).

(3) calculated from (4.35) using the measured film entrainment rates,
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TABLE A5.3 : Data for Figure 4.21 (Capill no vs dmls film thkns)
" RUN GAS(1) LIQUID MIXT(2) CAP(3) LOG DIMLSS(4)
NUMBER VOID VISCOSITY VISCOSITY NUMBER CAPILL FILM

FRACTION {mPa-5) {mPa-s) TRUMPT NUMBER THKNSS

1 .218 . 851 1.097 .058 -1.230 . 807

2 .174 .851 1.036 .043 -1.371 72

3 . 151 .833 . 986 .028 -1.560 . 807

4 . 233 851 1.119 083 -1.272 . 837

5 . 206 .51 1.155 .042 -1.375 .814

6 . 160 .B871 1.042 .025 -1.58% .815

7 .228 871 1.137 .047 -1.325 . 818

8 172 871 1.058 .034 -1.473 . 160

9 .128 .933 1.074 .023 ~1,634 .6896

10 . 2658 .833 1.144 047 -1.325 .B44

11 227 871 1.138 .038 -1.445 .823

12 . 146 . 890 1.048 .022 -1.656 L7111

13 .262 .851 1.165 .043 -1.369 .B833

14 .213 .833 1.066 .030 -1.524 .812

15 . 139 .851 .893 .018 -1.723 . 705

16 . 255 833 1.128 . 035 -1,458 . 829

17 .213 .871 1.115 L026 ~-1.543 .825

18 .124 911 1.045 017 ~-1.769 .536

19 .230 . 933 1.221 .028 ~1.558 .649

20 211 911 1.164 ,020 -1.704 . 690

21 . 955 . 955 011 -1.958

22 276 .933 1.301 027 -1.574 L T44

23 .123 .933 1.067 .016 -1.784 . 451

24 .890 . 890 .009 -2.030

25 . 250 911 1.226 .022 -1.653 668

28 .139 . 833 1.087 .015 -1.829 .500

27 .933 933 . 009 ~2.056

28 . 257 1.653 2.234 . 080 -1.046 .639

29 . 195 1.653 2.062 .065 -1.190 .B01

30 176 1.653 2.013 044 -1.5361 .8289

3 .234 1.653 2.167 067 -1.175 . 573

32 211 1.653 2.104 . 049 -1.311 . 585

33 .099 1.653 1.838 .030 -1.523 414

34 .268 1,653 2.271 .039 -1.413 .560

35 .018 1.653 1.683 022 -1.660Q . 055

37 272 2.854 3,931 .191 -.71¢ . 504

38 . 184 2.854 3.503 . 130 -, 885 . 4449

3¢ 142 2.854 3.330 .084 -1.075 L4358

40 L2786 2.854 3.957 122 -.913 482

41 .224 2.854 3.688 .084 -1.074 . 457

42 . 160 2.854 3.405 .056 -1.256 .433

43 167 2.854 3.434 .069 -1.227 L3311

44 .0786 2.854 3,090 ,041 -1.382 177

46 . 186 2.120 2.610 . 280 ~.552 441

47 167 2.120 2.552 .210 -.879 . 450

48 J127 2.120 2.432 . 136 -, 867 .428

49 . 189 2.120 2.656 .215 -.667 .422

50 . 145 2.120 2.483 . 154 -.813 L3758

51 . 187 2.120 2.615 . 110 -.958 . 488

55 .060 L9113 971 .016 ~1.802 . 505




TABLE A5.3 (cont):

Data for Figure 4.2% (Capill no

309

vs dmls fIm thkns)

RUN GAS(1) LIQUID MIXT(2) CAP(3) LOG DIMLSS(4)

NUMBER VOID VISCOSITY VISCOSITY NUMBER CAPILL FILM
FRACTION (mPa-s) (mPa-s) TRUMPT NUMBER THKNSS

56 .415 L911 1.581 .066 -1.179 .766

g4 211 1.053 1.342 .031 -1.513

65 .198 1.053 1.321 .030 -1,520

66 .203 1.053 1.329 .030 -1.517

67 .209 .933 1.187 .027 -1,566

68 .206 .911 1.158 .026 -1.578

69 .213 .955 1.221 .028 -1.547

71 . 199 .933 1.171 . 046 ~1,333 L1736

72 .138 .890 1.038 .022 -1.648 .815

73 .061 .978 1.043 .015 -1.813 .578

74 . 149 1.109 1.308 .026 -1.593 .663

75 .099 1.081 1.203 019 -1.732 .556

76 .034 1.081 1.120 .012 -1,938 .266

77 1.002 1.002 011 ~-1.970

78 1.002 1.002 .008 -2,003

91 .184 1.027 1.266 .028 -1.548 .920

82 . 100 1.109 1.235 021 -1,675 675

93 .035 1.081 1.121 .013 -1.871 . 364

g5 1.081 1.081 .013 -1.875

(1) calculated using the gas-to-1liquid volumetric flow ratio

(2) calculated from (6.33)

(3) calculated from (4.41) using the mixture viscosity

(4) calculated from (4.40) using the mixture viscosity
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Appendix 6

PREDICTION OF SUBMERGED JET ANGLE

In this appendix the calculations are given for prediction of
the submerged jet angle given by (5.52).
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TABLE A6.1 Prediction of the submerged jet angle

RUN EDDY EDDY Po EULER X JET
FLOWRATE VELOCITY NUMEBER AXIS ANGLE

(L/min) (m/s)  (kN/m2) (deg)

#1 82 $3 #4 45 #6

2 44.958 1.871% 89.29 .675 073 4.2

5 44,958 1,971 80.23 679 .073 4,2

8 44,956 1,971 89.61 .B78 072 4.1
11 33,932 1.488 89,48 677 .128 7.3
14 33.932 1.488 91.29 .694 131 7.5
17 33,932 1.488 81.84 .664 127 7.2
23 18.970 .832 9z2. 71 .705 .292 16.3
32 12.248 1.488 91,37 L6891 . 139 7.9
41 33.9832 1.488 90.19 .682 . 145 8.2
64 33.932 1.488 91,42 L6981 L1271 7.2
72 88.082 1.365 g93.12 L7008 154 8.8
74 81,755 1.267 82.29 .410 141 8.0
75(0) 62.545 . 970 80.78 . 690 . 288 16.1
75(1) 62.545 .970 92.74 L705 .236 13.3
75(2) 62.545 . 970 84,64 .719 .186 10.6
75(3) 62.545 .970 86.71 L7356 . 146 8.3
76(0) 42,504 .659 90.98 1.495 .625 32.0
76(1) 42.504 . 659 94,04 1.546 . 484 25.8
78 33.257 .516 96,78 .736 377 20,7
81 88.082 1,365 83.42 . 706 . 155 8.8
84 62.5458 .970 82.48 .699 .233 13.1
87 33.257 . 516 95.67 .723 .378 20.7
95(0) 82.556 L1716 21,36 691 294 16.4
95(1) 82.556 .766 94,73 .720 . 307 17.1
95(2) 82.556 .776 65.81 124 252 14,1
95(3) 22,556 .776 98.35 .744 .190 10.8
101 82.556 LI76 94.73 .716 .299 16.7

#1

#2

43

84

#5

#6

calculated from (4.45)

caleulated from (4.24)

pressure in headspace of the column

based on the pressure in the headspace of the column

and the jet velocity

given by 0083 P & J’O-37 hac?. . qu' - 0-64Ly fu-z-..('l.f'e,)mx

2
e

Pu

R;

calculated from (5.52) whare ﬂ/is 0.089

Y;





