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ABSTRACT

Bubble columns as gas-liquid cocurrent contactors have gained a considerable attention
due to various advantages they offer. The effectiveness of gas distributors in the bubble
columns determines the mass transfer efficiency of the column. Ejector is one of the most
widely used devices as the gas distributors in the bubble columns. Although empirical
correlations for the ejectors have been reported in literature, no study based on the
principle of fluid mechanics has been carried out on the effect of ejector geometry on its
important hydrodynamic characteristics. A better understanding of the ejectors is essential

for an improved design of the ejector itself and the bubble column.

In the present work, the experimental setup consists of an ejector integrated with upflow
bubble column and a gas-liquid separator at the top of the column. Experimental
investigations have been carried out on the effect of ejector nozzle geometry on the
hydrodynamics of cocurrent upflow bubble column. Gas entrainment rate, gas hold-up,
pressure drop and energy dissipation for water-air system are studied and reported.
Experiments have been conducted using convergent and orifice nozzles with different

types and sizes.

It is found experimentally that nozzie with smaller nozzle diameter develops higher
vacuum and entrains more air as the suction fluid, for a given flow rate of water as the
motive fluid. This also means that nozzle with smaller nozzle diameter gives higher gas
hold-up and dissipates more energy to create intense mixing between the two phases. In
terms of nozzle type, orifice nozzles present higher vacuum level than convergent nozzles
for the same nozzle diameter. The pressure drop across the nozzle and the air entrainment
rate have been modeled and analyzed by applying Bernoulli’s principle. Predicted values
of air entrainment rate as a function of water flow rate through the nozzle by the
theoretical model developed show good agreement with experimental values. Gas hold-up
data has also been analyzed using drift flux model. The analysis agrees well with the

previous works.
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ABSTRAK

Kolum Gelembung (bubble columns) sentuhan sama arah arus gas-cecair telah mendapat
banyak perhatian disebabkan oleh keistimewaan yang ia tawarkan. Keberkesanan alat
pengagihan gas menentukan keupayaan perpindahan jisim setiap kolum. Ejektor
(gjectors) telah digunakan secara meluas scbagai pengagihan gas didalam kolum
gelembung. Walaupun hubung kait empirikal untuk ejektor telah dilaporkan didalam
kajian reviuw literatur, tetapi masih tiada kajian teori dijalankan untuk kesan tindak-balas
saiz dan bentuk ejektor kepada sifat penting hidrodinamik kolum gelembung. Kefahaman
gjektor yang mendalam adalah penting untuk membaiki reka bentuk ejektor itu sendiri

dan juga kolum gelembung.

Bagi kerja-kerja yang dikendalikan, eksperimen dilakukan menggunakan penyepaduan
¢jektor bersama kolum gelembung sentuhan sama arah arus ke atas dan pemisah gas-
cecair yang terletak diatas kolum. Di antara kerja-kerja yang dikendalikan, kajian
eksperimen telah dijalankan untuk mengkaji tindak balas nozel ejektor yang berlainan
bentuk dan saiz kepada tindak-balas hidrodinamik kolum gelembung sentuhan sama arah
arus ke atas. Kadar kuantiti gas yang terperangkap, kejatuhan tekanan dan kehilangan
tenaga dari system air-udara itu dikaji dan dilaporkan.. Eksperimen telah dijalankan
menggunakan nozel jenis convergen (convergent) dan orifis (orifice) dengan pelbagai

jenis saiz nozel.

Dalam kerja hari ini, didapati nozel bersaiz diameter yang kecil menghasilkan Iebih
vakum dan sedutan angin yang lebih banyak bagi eksperimen yang mengunakan aliran air
sebagai bendalir penggerak utama. Ini juga bermakna nozel bersaiz diameter yang kecil
dapat memerangkap lebih gas dan menggunakan lebih tenaga untuk menghasilkan
percampuran yang kuat diantara dua jenis bendalir. Dari segi jenis nozel pula, nozel
berjenis orifis menghasilkan lebih vakum berbanding nozel berjenis convergen untuk
perbandingan menggunakan nozel bersaiz diameter yang sama. Susutan tckanan dalam
nozel dan kadar pengaliran udara telah dimodelkan dan dianalisis menggunakan prinsip
Bernoulli. Nilai-nilai yang diperoleh bagi kadar udara sebagai fungsi dari kadar

pengaliran air yang terperangkap dari model yang dihasilkan adalah munasabah dan sama

vii



seperti nilai-nilai eksperimen. Data kuantiti gas yang terperangkap telah dianalisa
menggunakan model "drift flux". Keputusan analisa adalah munasabah dan betul

mengikut kerja-kerja yang telah dijalankan.
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CHAPTER 1

INTRODUCTION

Separation processes are common in chemical, petroleum, petrochemical, pulp and many
other industries. Most of the capital and operating expenses in these industries come from
one or more separation processes. However, the existence of efficient separation

processes in an industry has significant contribution on the economics.

Many processing equipment are devoted to separate one phase or one material from
another. Separation processes in chemical engineering commonly involve gas, liquid
and/or solid phases. Separation processes can be classified into two broad categories,

namely mechanical separations and diffusional separations.

Mechanical separations of heterogeneous mixtures usually include methods of separating
solid particles from gases or liquids, liquid drops from gases or other liquids, and
separating one type or size of solids from a mixture of particles. Diffusional transfer
operations are more extensively found in industries that involve gas and liquid phases like
in petrochemical plants, oil refineries and gas processing plants. This type of separation
processes is based on the transfer of material from one homogeneous phase to another.
The driving force in mass transfer-based separation processes is the difference in
concentration, vapor pressure, solubility and diffusivity. Several well-known separation
techniques are carried out based on mass transfer operations such as distillation, gas
absorption, adsorption, liquid extraction, dehumidification, leaching and membrane

separations.

The efficiency of separation processes depends on the mass transfer coefficient between
the two phases and the interfacial area. In order to achieve a good mass transfer between
phases, various types of contacting devices have been used. Wetted wall columns, packed
towers, distillation columns, spray towers and bubble columns are some of the established

devices in performing effective mass transfer operations.

In terms of the flow direction of the fluids, gas-liquid contacting devices can be broadly

classified as cocurrent, counter current and cross current systems. Counter current



operations are ubiquitous in industries because they present good mass transfer between
the phases due to many equilibriom stages that can be achieved, while cocurrent and cross
current operations are rare practices in industries. Cocurrent operations are not often used
in industries because they can only perform one equilibrium stage. Hence, compared to

countercurrent operations, cocurrent operations give lesser mass transfer coefficient.

Despite not having very wide applications in industries, cocurrent operations have some
beneficial features that make them still competitive with other flow modes. Due to their
simplicity, ability to handle high superficial velocities without flooding, low pressure
drop, high interfacial area and reasonable mass transfer coefficients, and low capital cost,
cocurrent operations may be an attractive alternative to counter current operations in
sitnations requiring only one equilibrium stage. Improvements have been made on many
aspects of such equipment to increase the mass transfer and separation efficiency such as
the usage of various types of gas distributors on cocurrent bubble columns to enhance the

dispersion efficiency.

An atiractive cocurrent device for mass transfer operation is a bubble column. Bubble
columns allow good contact between gas phase and liquid phase, and have been
extensively used in wide industrial applications such as in biotechmological areas
(Schugerl et al., 1977), antibiotic fermentation (Fregapane et al., 1999), hydrotreating
process (Dautzenberg and de Deken, 1984) and Fischer-Tropsch process (Jager and
Espinoza, 1995). Bubble columns have also gained a considerable attention over the past
few decades due to various advantages they offer such as lower capital and operating cost,
higher interfacial area which leads to excellent mass transfer, simpler in construction,
operation and maintenance (Cui, 2005). From recent work carried out by many
researchers (Pal et al., 1979; Deckwer, 1992; Chaumat et al., 2005; Dhaouadi et al., 2007),
it is known that cocurrent systems are also capable of performing very efficiently in

several separation processes.

In bubble column operations, gas distributor is required to disperse the gas phase into the
liquid phase. The design of the distributor has a strong effect on gas dispersion. Spargers
are the commonly used gas distributors in bubble columns. In sparger type systems, the
gas sparger is fixed at the top or bottom side of bubble column. Liquid is forced through

the column at high velocity and as it moves it shears the gas from the sparger in the form



of bubbles. Yet, nowadays, it is known that jet type distributors such as ejectors, venturis,
nozzles and other similar devices are also good alternatives for gas-liquid contacting.
Generally, these devices utilize kinetic energy of high velocity fluids to achieve fine

dispersion and intense mixing between the two phases.

Venturis have been used for a century to measure fluid flow rates. In recent times,
venturis have been found with wider applications such as removing particles from gas
streams and also acting as gas dispersion device. Several studies have been reported on
the performance characteristics of venturis (Bauer et al., 1962; Jackson et al., 1964;
Elenkov and Boyadzhiev, 1967; Huynh et al., 1991). However, venturis still need external
energy source to make effective dispersions between the phases since they do not have
the ability to develop suction and entrain fluids into the system. In the last few decades,
egjectors, which have analogous physical shape as venturis, are becoming popular as
efficient gas distributors. According to several earlier researchers, ejectors have been used
as gas distributing devices in bubble columns (Rylek and Zahradnik, 1984; Zahradnik et
al., 1985; Havelka et al., 1997) and in aerobic fermenters (Moresi et al., 1983).

Ejectors have become popular due to their simplicity and high reliability. They give
greatest preference for industries in creating vacuum in many processes. Ejectors are
essentially designed to convert the pressure energy of a motivating fluid to kinetic energy
to entrain a suction fluid. Numerous advantageous features are provided by ejectors,
which can be summarized as:
1. Ejectors provide good mixing between the motive fluid and the suction fluid
2. Ejectors have no mechanically moving parts, hence, maintenance is low and
operation is fairly constant when corrosion is not a factor
Dispersion efficiencies of gjectors are reasonably good
4. Ejectors can be designed compactly, and easily fabricated in all sizes and installed

Capital cost is low due to their simplicity in design

Due to the wide variety of liquids, gases or vapors, which may be used as either the
motive or as the suction fluid, a wide variety of ejector configurations are possible.
Ejectors from the point of view of the motive and suction fluids may broadly be classified

into four types as shown in Table [.1.



Table 1.1 Classification of ¢jector based on the motive and suction fluids

System Motive Fluid Suction Fluid
(Gas-(Gas Gas Gas
Gas-Liquid Gas Liquid
Liquid-Liquid Liquid Liquid
Liquid-Gas Liquid Gas

Ejectors basically consist of four major sections as shown in Figure 1.1, namely nozzle,

suction chamber, throat and diffuser.

Suction
Chamber

Throat Diffuser

il
3

A 4
A
Y

Tl
Eaiie ¥

—
Motive
Fluid

T Nozzle

Suction Fluid

Figure 1.1, Schematic drawing of an ejector

When a motive fluid is pumped through the nozzle of an ejector at a high velocity,
vacuum condition is created in the suction chamber. The suction fluid is entrained
because of this condition. The dispersion of the entrained fluid in the throat of the ejector
with the motive fluid jet emerging from the nozzle leads to intimate mixing between the

two phases. A diffuser section after the throat helps in the pressure recovery.

Nozzle 1s a vital part in an ejector since it determines the vacuum level and the amount of
suction fluid that can be entrained into the suction chamber. Nozzles in an ejector can be
of two different types; single-jet nozzle or multi-jet nozzle. Nevertheless, ejectors with
single-jet nozzle are the simplest and most commonly used design. They are normally
recommended for pressures from atmospheric to 3 mmHg. Ejectors with multi-jet nozzle
are used where lower suction pressure is specified. Moreover, these designs are frequently
used when the low fixed cost is more important than operating economy, where the

supply of motive fluid is limited, and for intermittent use.



Integration of bubble column and ejector is expected to give more advantageous features
in gas-liquid contacting process (Radhakrishnan and Mitra, 1984; Mandal et al., 2005;
Majumder et al., 2006). Bubble columns with ejector are gaining importance because of
its self-sucking characteristics of gas phase and efficient dispersion of gas phase into the
liquid phase. As a gas dispersing device, the good aspect of the ejector is that it is very
simple in design and no extra energy is required for gas dispersion as the gas phase is
spontancously sucked and dispersed by the high velocity liquid jet. Therefore, from
energy point of view, it is very attractive as energy is required only for pumping liquid.
These advantages of ejectors integrated with bubble columns make their integration as a
potential altemative to replace conventional devices and be used in many chemical
engineering applications such as for carbon dioxide absorption from natural gas,
desorption and scrubbing, gas-liquid reactions, aerobic fermentation, waste water

treatment etc.

Depending upon the direction of flow of fluids, ejector-induced cocurrent bubble columns
may be classified into upflow and downflow columns. Although ejector-induced
cocurrent downflow bubble column gives higher residence time and gas hold-up, it has
been found from previous works (Mandal et al., 2005) that downflow systems have
significant disadvantage due to the limitation of handling large flow rates in the system.
Therefore, gjector induced cocurrent downflow bubble columns are not suitable for high
capacity processes. On the contrary, this limitation can be avoided when using upflow

columns.

However, researches that provide useful knowledge in improving the design, scaling-up
and optimization of ejector-induced cocurrent upflow bubble column are still relatively
scanty. Hydrodynamics is one important aspect that has to be considered for the design
and characterization of this equipment. Important parameters in the hydrodynamics of
ejector-induced cocurrent upflow bubble column that need further investigations are fluid
flow rates, pressure drop, gas hold-up and energy dissipation. Since nozzle is an
indispensable part in the ejector, investigation of the effect of nozzle geometry on those
hydrodynamic parameters is essential to provide a better design of ejector-induced

cocurrent upflow bubble columns.



1.1 Objective of Research

Based on the discussions made in the earlier section, the hydrodynamic phenomena that
occur in gjector-induced bubble column needs further investigations. Furthermore, since
the nozzle is a vital part in the ejector in creating excellent gas dispersion into the liquid
phase (Lapple, 1951; Das and Biswas, 2006), a study on the effect of ejector’s nozzle
geometry on several important hydrodynamic parameters such as gas entrainment rate,
pressure drop, gas hold-up and energy dissipation is required. Thercfore, the objectives of
the present research work are stated as follows:

e To study the effect of nozzle geometry on hydrodynamic parameters of ejector-
induced cocurrent upflow bubble column such as gas entrainment rate, pressure
drop, energy dissipation and gas hold-up,

. To analyze the experimental data based on fundamenfal principle of fluid

mechanics.

1.2 Scope of Research

This research involves the use of water, as the motive fluid, and atmospheric air, as the
suction fluid, in an ejector-induced cocurrent upflow bubble column. The research
activities will include the observation of pressure profiles along the column, observation
of gas entramment rate, measurement of the pressure drop, calculation of friction factor,
calculation of energy dissipation, and measurement of gas hold-up, for various flow rates
of motive fluid for two nozzle types with different sizes (in diameter) of nozzles. The two
nozzle types that will be used in the experiments are convergent and orifice,. Moreover,
mathematical models to interpret the hydrodynamics in the system will also be developed

by using fundamental principles of fluid mechanics.

1.3 Thesis Overview

This thesis includes five chapters. Chapter 2 presents a critical review on the literature
related to the present research. Results from previous studies on several important aspects

such as pressure drop, energy dissipation and gas hold-up are presented.



Chapter 3 outlines the experimental approach used in this study on the effect of nozzle
type on the hydrodynamics of gjector-induced bubble column. Details on the equipment,

experimental conditions, and experimental procedures are included.

Chapter 4 presents the experimental results of this study in detail, and provides the
analysis of experimental results. Comparison between the results obtained in this study
and those reported in literature are also provided. Mathematical models based on the

fundamental principles are developed to predict the hydrodynamics in the column.



CHAPTER 2

LITERATURE REVIEW

Ejectors have been widely used in several industrial applications such as in chemical and
biochemical industries. Currently, ejectors are used as pumps, mixers, heaters, coolers, to
generate vacuum, and also as bubble generators. Ejectors show important advantages over
other devices because of its simplicity in operation, low capital and operating costs and
the ability to mix two streams intimately (Balamurugan et al., 2008). Numerous works
have been conducted to examine the performance of ejectors (Miller, 1969; Evans et al.,
2001; Gamisans et al., 2003; Das and Biswas, 2006). Liquid-gas ejector is one of ejector
types that have great contribution in generating efficient dispersion between liquid phase
and gas phase which are the motive fluid and the suction fiuid in the ejector, respectively.
Design and performance characterization of a liquid-gas ejector depend highly on several
aspects such as pressure drop, gas hold-up, energy dissipation, interfacial area and mass

transfer coefficient.

2.1 Early Investigations on Liquid-Gas Ejector

Some of the earliest reported investigatioﬁs on liquid-gas ejector used water as the motive
fluid and air as the suction fluid (Hoefer, 1922; Von Pawel-Rammingen, 1936; Flugel,
1938 and Witte, 1966). Von Pawel-Rammingen (1936) found that when the suction fluid
gets sucked into the suction chamber of the ejector, the gas and liquid flows are initially
coaxial consisting of an annular suction fluid flow around a core of the motive fluid jet.
This jet flow pefsists for a certain distance in the mixing throat. At a particular location,
the jet flow changes into a froth flow. Beyond this location, the suction fluid is dispersed
in a continuous motive fluid stream. The change from coaxial jet flow to froth flow is
called “mixing shock”. This phenomenon is also indicated with sudden throat pressure

rise in the liquid jet ejector.

A remarkable and contributive work on flow processes in the throat and the mixing shock
was done by Witte (1969). The work experimentally demonstrated high volumetric

entrainment ratios by means of multiple nozzles and a relatively greater mixing shock. By



applying the momentum balance equations, Witte (1969) derived theoretical curves
relating the compression ratio with the flow ratio under isothermal and adiabatic
conditions. Despite providing useful knowledge on the liquid-gas ejector, these

researchers have stressed solely on the throat section of the ejector.

Studies on liquid-gas ejector at the early period of its development were mostly done
using horizontal type of ejectors (Bhat et al., 1972; Cunningham, 1974; and Biswas et al.,
1975). They successfully examined the effect of area ratio and liquid property group on
the performance of a single-jet horizontal liquid-gas ejector, and developed a
mathematical model from the experimental data involving both variables and a modified
Euler number. Furthermore, effort on developing a model derived from momentum and
continuity equations together with an overall frictional loss coefficient was also carried

out.

2.2 Effect of Nozzle Geometry on the Ejector Performance

According to Cunningham and Dopkin {1974), the location of mixing shock zone is of
key importance for the ejector performance. The optimum c¢jector dispersion efficiency is
reported to be achieved when the liquid jet breaks up just at the end of the mixing throat.
If the jet disintegration occurs earlier, the flow of the homogeneous gas-liquid mixture
through the remaining part of the mixing throat results in excessive frictional losses. If, on
the other hand, the mixing throat is too short, the jet does not break up and accordingly
the momentum transport between the phases does not occur. As a result, the ejector
efficiency in such a case strongly decreases. Obviously, the occurrence of the jet break-up
and the position of the mixing shock zone in the mixing throat depend generally on the
liquid and entrained gas flow rates, on the pressure drop and on its geometrical
parameters i.e. nozzle geometry, diameter and length of mixing throat, and opening angle

of diffuser.

Among previously mentioned factors, flow rate of the motive fluid, and nozzle geometry
have greater contribution in determining vacuum level developed in the suction chamber.
Higher vacuum in the suction chamber means that more amount of gas phase can be

sucked into the system. Consequently, the gas phase gets dispersed into the liquid phase
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along its path through the mixing throat and diffuser. Numerous works have been
reported in the literature in modifying the nozzle design to entrain more gas phase and
create better dispersion between gas phase and liquid phase such as application of slot
nozzles (Zlokarnik, 1979; Rylek and Zahradnik, 1984), nozzles with a divergent outlet
{Cunningham and Dopkin, 1974) and multi-orifice nozzles (Witte, 1969; Das and Biswas,
2006). Das and Biswas (2006) carried out investigations on the nozzle loss coefficients
and the entrainment rates at various suction conditions for single-orifice and multi-orifice
nozzle arrangements in a downflow ejector. However, their discussions on the effect of
nozzle geometry on the suction developed and gas entrainment rate is rather limited.
~ Havelka et al. (1997) found that, in an upflow ejector, the highest values of gas
entrainment rate and ejector efficiency were achieved for ejector configurations with

single-orifice nozzle and with switl body for zero length of mixing throat.

2.3 Gas Entrainment Rate in Liquid-Gas Ejector

Many researchers have developed mathematical correlations to predict the gas
entrainment rate. The most common way to characterize the rate of gas entrainment is
using momentum balance and mass balance equations across the ejector (Davies ¢t al.,
1967; Bhat et al. 1972; Acharjee et al., 1975; Biswas et al., 1975). The gas entrainment
rate 18 usually correlated by dimensional analysis using dimensionless groups such as
AP/pg v’ (ratio of the energy supplied by the motive fluid, i.e. the pressure drop, to the
momentum gained by entrained fluid), 4/4, (ratio of the throat area to the nozzle area),
and guL4/pL013 (related to physical properties of the motive fluid). Table 2.1 summarizes
various empirical correlations for estimation of gas entrainment rate. Most of these
correlations have similar form, where only the indices of various terms differ with the

difference of the sizes of the nozzle and the diffuser.



Table 2.1 Empirical correlations given by various authors
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Another method which is being intensely recently developed to predict entrainment rate
of suction fluid in an ejector is using Computational Fluid Dynamics (CFD) simulation.
Work on CFD to predict entrainment of suction fluid in an upflow gas-liquid ejector has
been reported by Balamurugan et al. (2008). They have shown good agreement between
liquid entrainment rate values obtained experimentally by Davies et al. (1967) with the
liquid entrainment rate values predicted using their CFD simulation. In the present work,
prediction of gas entrainment rate has been done using mathematical model developed
from fundamental principle of fluid mechanics since it offers simplicity in calculations

and also gives reliable results.

2.4 Pressure Drop in Ejector-Induced Bubble Column

Pressure drop m the ejector is an important design parameter to indicate the performance
of an ¢jector-induced bubble column. The knowledge of pressure drop helps in modeling
the system as it forms the basis of assessment of equipment performance. In liquid-gas
¢jector-induced bubble column, pressure drop is a key indicator to know the amount of
energy being consumed to create intense contact between the gas phase and the liquid
phase. There are three factors that are responsible for pressure changes in the system i.c.:
pressure change due to the hydrostatic head, acceleration and irreversible losses which

include pressure loss due to friction and dispersion between two phases.
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Considerable research efforts have been carried out by previous researchers on the study
of pressure drop in ejector-induced bubble columns. Radhakrishnan and Mitra (1984)
studied frictional pressure drop in an ejector-induced cocurrent upflow bubble column
with multi-orifice nozzles. Water-air system was used in the pressure drop experiment.
Total pressure drop in the system was measured experimentally from the reading in
manometers placed along the column. It was observed that total pressure drop decreases
with the increase of air flow rate due to the increase in air hold-up and consequent
reduction in hydrostatic head. An attempt to predict two-phase friction factor by
correlating it with several variables like liquid flow rate, area ratio and number of nozzles

was also cairied out by dimensional analysis.

Cramers and Beenackers (2000) studied the pressure drop in a downflow liquid-gas
gjector with the presence of a swirl device in the upstream section of the nozzie. They
discovered that ejector with swirl devices gives higher gas phase pressure drop for the
same gas to liquid volumetric ratio than other devices. In other words, more energy is
used for gas compression instead of for gas dispersion when using swirl device in the

gjector.

Quite similar to findings of Radhakrishnan and Mitra (1984) who conducted experiments
in an ejector-induced cocurrent upflow bubble column, Mandal et al. (2005) performed
experimental study on pressure drop in an ejector-induced cocurrent downflow bubble
column with a single nozzle. They found out that frictional pressure drop increased with
increasing gas flow rate at constant liquid flow rate. The increase in pressure drop occurs
due to the fact that an increase of gas flow rate causes greater air entrainment into the
system or higher population of gas bubbles, which consequently increases the true liquid
velocity. Work on downflow column have also been conducted by several other
researchers such as Kandakure et al. (2005), and Das and Biswas (2006). Both
workshowed that pressure drop in the downflow ejector system decreased with the
increase in area of throat to nozzle. Kandakure et al. (2005) also showed that the air
entrainment rate can be correlated with the pressure drop between the air entry line and
the throat exit. They found out that the pressure drop between the air eniry and the throat

exit is proportional to the power of 1.5 of the air entrainment rate.
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Efforts on modeling the pressure drop in ejector-induced bubble column have also been
reported. Recently, Majumder et al. (2006) formulated a theoretical model to predict
pressure drop for gas-liquid dispersion in an ejector-induced cocurrent downflow bubble
column. The model uses the knowledge of single phase pressure drop to predict the two
phase pressure drop. The effect of bubble formation and two-phase interfacial friction was

taken into account in this model.
2.4.1 Frictional pressure drop and friction factor in Ejector-Induced Bubble Column

Unlike in horizontal two-phase flow, the frictional pressure drop in vertical flow systems
cannot be directly obtained because the measured pressure drop is the sum of the
frictional pressure drop and the column hydrostatic head. The column hydrostatic head or
potential energy component depends on the insitu mixture density which in turn is a
function of gas hold-up. For determining the frictional component from the total pressure

drop, two methods of analysis have been used.

In the first method, the two-phase mixture is assumed to be homogencous so that the

frictional pressure drop may be obtained from the following equation,

AP,

I

gz @, +0, ¢g=

St AF @.1)

which relates the total pressure, hydrostatic head, and the frictional pressure drop. Many
workers, notably, Govier et al.,, (1957), Baxendell and Thomas (1961), Hughmark and
Pressburg (1961) and Hagedorn and Brown (1964) have used this method for calculating

the frictional pressure drop.

In the second method of analysis, the frictional pressure drop is calculated from the total
pressure drop using estimated insitu two-phase density as expressed by the following

equation:

AP
- :[pc;gc +pL(l_8G)]+ oL (2.2)
PLEZ P8z
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This method has been used by Griffith and Wallis (1961), Ros (1961), and Hagedorn and
Brown (1965).

In the present work, an ejector-induced upflow bubble column has been used and the
studies have been made in the bubble flow regime, and therefore, the assumption that the
mixture is homogeneous will be justified. Hence, the first approach for calculating the

frictional pressure drop component from the total pressure drop has been adopted.
A mechanical energy balance over the column neglecting the kinetic energy term leads to,

AP, _mtmg 1 N AP,

- L 2.3)
/gz O ‘E“Qc; Pr FLEZ

where the first term on the right hand side is the potential energy term and the second
term 1s due to the irreversibilities which include, beside frictional loss, the contribution

due to the gas-liquid slip. Equation (2.3) can be rewritten as,

AP, 1+R, . AP,

= 2.4
P8z lte, pgz @4

Based on thermodynamic analysis Govier et al. (1957) obtained an expression for the

total pressure drop for the two-phase flow in a vertical column as,

AP, 1+ R 1 AF
AN I [ } (2.5)
pi_gz 1+¢)m 1+¢)m pLgZ L

where the second term on the right hand side is the irreversibility component for two-

phase vertical flow. On comparing Equations (2.4) and (2.5) we get,

AF AP
[ }(lwm) - (2.6)
P8z P82,

In the limiting case with no gas flow R,, = ¢, = 0, Equation (2.5) reduces into,
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AP
A _1 A =1+ —=L
pgz  pgz  p.gz

@.7)

Equation (2.7) represents the mechanical energy balance for the vertical flow of liquid. In

Equation (2.7), the term is the same as frictional pressure drop per unit height of

p.EZ

the column due to single-phase liquid flow, and therefore may be expressed as,

AF 2 fu,’

(2.8)
pgz  D.g

where fis the Fanning friction factor. Similarly, for two-phase flow a friction factor f,,

may be defined based on liquid superficial velocity by the following equation:

2
AP 2w (2.9)
pLg z ‘ch
Combining Equations (2.6) and (2.9) we get,
fu=livg,)r D8 (2.10)
p8Z, 2V,

Equation (2.10) defines the two-phase friction factor f;, based on superficial velocity. The

two-phase friction factor £, will be a function of primary variables of the system.

2.5 Energy Dissipation in Ejector-Induced Bubble Column

The kinetic energy in an gjector is caused by the motive fluid of high pressure that flows
through the nozzle. This energy is partly converted into useful work by increase in the
pressure energy associated with the motive and suction streams. The difference between
the input energy and the useful work is the energy lost as irreversible losses. The
irreversible losses are made up of the frictional losses and the energy loss associated with

jet expansion and mixing. It is the energy utilized for jet expansion and mixing which is
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of importance in gas-liquid contacting. The higher this energy is the better the dispersion
and the higher the interfacial area. It is therefore necessary to know the amount of energy

dissipated in the system to determine the interfacial area and mass transfer coefficient.

Basically, energy dissipation can be calculated using the pressure drop information as

expressed in Equation (2.11) (Havelka et al., 1997)
E,=APQ, (2.11)

Cunningham (1974), and Cunningham and Dopkin (1974) have developed equations to
model the momentum transfer and pressure recovery in ¢jectors. They have presented
momentum balance equations for the throat and diffuser section. The losses in the nozzle,
throat and diffuser were accounted for by the three loss coefficients for each section.
These coefficients represent the fraction of the jet momentum which is lost as irreversible
losses. The mathematical expression to calculate the energy dissipated in the ejector

developed is given in Equation (2.12) as follows,
E,=Q HK, +K, +Ka'i) (2.12)

where # is the jet velocity head given by prvi/2. Values for the loss coefficients have
been presented by Cunningham (1974). For well-designed square edged nozzles, the
nozzle coefficient can be taken as zero (Cunningham, 1974). Cunningham (1974)
recommends throat loss coefficients K, values in the range of 0.32 to 0.46 and diffuser
loss coefticient Ky vatues of 0.26 to 0.35. The model presented by Cunningham (1974)
was for ¢jectors used as liquid jet pumps for gas compression. As such their gas/liquid
flow ratio did not exceed a value of 1.6. In this range of flow ratio the throat loss
coelficient was essentially constant with value of about 0.4. This method has also
successfully been applied by Evans et al. (2001) in a confined plunging liquid jet bubble

column.

In gas-liquid dispersion, a part of energy is lost as friction and only the remaining energy

is used for jet expansion and interfacial area generation. The frictional losses are one
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order of magnitude smaller and hence the energy used for mixing can be approximately

taken to be equal to the total energy dissipated in the system.

A different approach in calculating energy dissipation in the ejector has been performed
by Cramers and Beenackers (2000). According to them, the energy dissipation rate

effectively used for gas dispersion can be calculated as

E =E —E (2.13)

where E; 1s the energy supplied by a high velocity jet which is a function of liquid flow
rate and jet velocity at nozzle exit, and E, is the energy consumed for compressing gas

phase which is a function of gas phase pressure drop and gas flow rate.

2.6 Gas Hold-Up in Ejector-Induced Bubble Column

(Gas hold-up or voidage, which is the fraction of two-phase mixture occupied by the gas
phase, is one of most frequent properties measured in a two-phase flow. It is an important
property for design purposes, both because of its direct influence on column size and
because it is indirectly related to the gas-liquid surface area and hence to mass transfer.
Gas hold-up information also facilitates the determination of the flow regime inside the
system (such as homogeneous, heterogeneous or transition regime) for a given set of

operating conditions.

2.6.1 Gas hold-up measurement techniques

The measurement of two-phase system parameters like gas hold-up is of inevitable
importance for interpreting, understanding and predicting the overall performance of the
equipment. Several techniques exist to measure gas hold-up either globally or as a
function of position in a two-phase flow system. The simplest method is using flow
isolation technique which is done by noting change in dispersion height due to the
presence of gas bubbles. According to flow isolation technique, when a steady state

condition was reached, the total height of the gas-liquid mixture was noted. Then all the
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inlet valves were shut simultaneously. This causes an immediate termination of the flow
of both fluids. When the gas-liquid mixture inside the column got arrested, the liquid
phase was allowed to settle down whereby all the gases got separated. The clear liquid
height inside the column was then noted. Using the information of total mixture height
(7;) and clear liquid height (A7) in the column and assuming that the fluids behave as a
homogeneous mixture, overall gas hold-up (&) in the column can be calculated from the

following equation

(2.14)

Due to its simplicity and reliability, this method has been applied by many authors in their
works such as Radhakrishnan and Mitra (1984), Kundu et al. (1995), Havelka et al.
(1997), Zahradnik et al. (1997), Evans et al. (2001), Mandal et al. (2002 and 2005) etc.
However, this method is only applied well in a transparent system where liquid height is
clearly visible and the presence of foam in the system might lead to significant errors in

the measurement.

Measuring the pressure difference between two levels in a column is another method to
calculate gas hold-up. This method was firstly applied by Hills (1976) with an air Hft
reactor and more detail works was conducted by Tang et al. (2006) in a cocurrent bubble
column. Nevertheless, gas hold-up measurement via pressure difference can lead into
problematic issue in condition where the pressure tappings experience fouling. Another
way in measuring gas hold-up is using probe techniques, using conductivity measurement
(Kocamustafaogullari et al., 1994; Sun et al., 2005) or optical measurement (Schweitzer
et al., 2001). But then again, these methods can be subject to fouling which consequently
would provide inaccurate measurement. More sophisticated methods using Gamma Ray
tomography and laser-based equipments have become recent trends in measuring gas
hold-up in a two-phase flow system (Deshpande et al., 2000; Kulkamni et al., 2001; Patel
et al., 2008). However, these measurement techniques involve expensive devices with

complex operating procedures and safety precautions.
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In this present work, gas hold-up measurement using flow isolation technique has been
chosen due to its simplicity and ability to give accurate measurement. Possible drawbacks
like foaming presence can be eliminated since experimental setup in this research only
mvolves mixture of air and water. Moreover, compared to radiation attenuation and laser-

based techniques, this technique is much safer.

2.6.2 Gas hold-up modeling techniques

Gas hold-up modeling in two-phase cocurrent flow has been investigated by a number of
researchers. In most of these studies, the experimental data has been correlated on the

basis of one of the following models.

2.6.2.1 Homogeneous flow model

In the homogeneous flow model it is assumed that the fluids behave as homogeneous
mixture. Therefore, the velocity of the two phases is the same and the mixture density can
be calculated from the input mass and volumetric flow rates. These assumptions permit
the application of the mechanical and total energy relations to the two-phase mixture for
calculating the gas hold-up from the inlet volumetric flow rates by the following

relationship:

0,
- 2.15
T 0, +0, 2-13)

Isbin et al. (1957) showed that the homogeneous model can be successfully used for the
prediction of gas hold-up in situations where the pressure losses are relatively small and

the two-phase system can be considered as a pseudo-homogenecous mixture.
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2.6.2.2 Variable density model

The effect of the non-uniformity in bubble concentration with radial position on the hold-
up has been considered by several workers. Armand (1946) and Bankoff (1960)
suggested that the bubble concentration is not flat but the concentration of bubbles is
higher at the axis and decreases radially. Also, it is assumed that there is no velocity slip
between the liquid phase and the gas phase but there is more gas in the centre region
where the velocity is high. Therefore, the cross-sectional average gas velocity would be
higher than the cross-sectional average liquid velocity. By assuming a power law
distribution for both the velocity and bubble concentration profiles in the radial direction,
Bankoff (1960) arrived at the following relationship between the fractional gas hold-up

and the mput flow rates,

Qo
=K 2.16
£ 0. +0, (2.16)

where the Bankoff factor, X, is related to the input and insitu volume fractions. Zuber and
Findlay (1965) has considered the effect of both local and relative velocities and the
concentration gradient on the insitu hold-up and derived a general relationship for the
hold-up. The variable density model has been found to be valid for two-phase flow when

both the phases enter the system at almost equal velocities.

2.6.2.3 Momentum exchange model

Prediction of gas hold-up in two-phase horizontal flow by a momentum exchange model
has been proposed by Levy (1966). The model was based on the hypothesis that when the
frictional and hydrostatic head losses in the two-phases are equal, there would be a rapid
exchange of momentum between the two-phases for maintaining an equilibrium condition.

On the basis of this assumption the following relationship for gas hold-up was reported:

1 1 £ 1

+ L= (2.17)
es(1+R,) &,(0+R,)ps 2(0-g,) (1+R,)
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This model has been found to give reasonably good agreement with experimental data

only in horizontal flow with high voidage.

2.6.2.4 Slip velocity model

The slip velocity model was developed on the consideration that the buoyancy in two-
phase vertical flow will tend to accelerate the lghter phase, and therefore, there will be
local slip between the phases. Behringer (1936) proposed a model taking this local slip
into consideration but neglecting the effect of radial concentration and velocity profiles.
‘The Zuber and Findlay (1965) drift flux model is widely recommended for modeling of
gas hold-up in two-phase flow columns. This model takes into account the effect of non-
uniform flow and gas hold-up as well as the effect of local relative velocity between the
two phases. The model suggested by Zuber and Findlay (1965) has been applied by
several researchers in their works to analyze the gas hold-up data in two-phase flow in
simple pipeline contactors. Chandrakar et al. (1985) has successfuily applied this model
for the analysis of gas hold-up in an ejector-induced upflow with air-carboxy methyl
cellulose (CMC) mixture. Ohkawa et al. (1986) have also used the model in a downflow

bubble column with plunging jet water system. Gas hold-up analysis using drift-flux

model is done by plotting the average gas velocity, v, against the gas-liquid mixture

velocity, v, (vs; + vg), as shown in the following equation

Ve =28 =Cy +v, (2.18)
86'

where C, is called the distribution parameter, which accounts for effect of non-uniform
flow (for a uniform radial gas hold-up profile, C, = 1; for a centre peaked radial gas hold-
up profile, C, > 1) and concentration profiles and vy, is called the weighted average drift -
velocity which indicates the effect of the local relative velocity. The value of the
distribution parameter has been obtained from the slope of the plot, whereas the intercept

was interpreted as the weighted average drift velocity.
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2.6.2.5 Lockhart-Martinelli model

Lockhart and Martinelli (1949) developed correlations for predicting the hold-up in
horizontal cocurrent flow of gas-liquid mixtures. They presented correlations for the hold-
up in terms of pressure drop in each phase. To apply the method, each phase’s pressure
drop is calculated as though it alone was in the line. Then the Lockhart-Martinelli

parameter, X, is calculated as

5 (2.19)

The X factor is then related to either €, or €. Whichever one is chosen is multiplied by its
companion pressure drop to obtain the total pressure drop. The following equation is
based on points taken from €, or € curves in Perry and Green (1999) for both phases in

turbulent flow (the most common case).

&, =46X7" +12.5X7°% +0.65 (2.20)

e.=X'¢e (2.21)

a L

The X range for Lockhart-Martinelli curves is 0.01 to 100.

Besides, many other investigators have also proposed empirical and semi-empirical
correlations for gas hold-up which are valid under different operating conditions (Otake et
al., 1982; Zahradnik et al., 1982; Ogawa et al., 1983, Radhakrishnan and Mitra, 1984;
Rylek et al, 1984; Bhutada et al., 1987, Cramers et al., 1992; Kundu et al., 1995;
Zahradmk et al., 1997 and Majumder et al., 2006).

2.7 Summary

From the review of the literature, it can be observed that gas dispersion technology has

been studied and developed from the simplest kind of experiments to more complex
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researches with more improved and meticulous methodology. Liquid-gas ejectors are
being vastly utilized in many researches and industrial applications for gas-liquid
dispersion, mixing, mass and heat transfer operation, etc. because of the simple
construction with no mechanically moving parts, large interfacial area generation and
intense mixing between the phases. Moreover, such devices can be used to handle
chemical reactions as they combine the functions of flow inducing devices and mixing
reactors. However, detail knowledge of how to make a system consisting liquid-gas
gjector fitted with an upflow bubble column becomes a highly efficient gas-liquid
contactor is still felt essential. Therefore, understanding one of its important physical
parameters like nozzle geometry on several vital aspects of the performance of ejector-
induced bubble column such as pressure drop, energy dissipation and gas hold-up would

be of considerable interest.



CHAPTER 3

RESEARCH METHODOLOGY

3.1 Introduction

This research work is mainly divided into five major activities. They include observation
of pressure profiles and gas entrainment rate, measurement of pressure drop, calculation
of energy dissipation and measurement of gas hold-up in ejector-induced cocurrent
upilow bubble column. The experimental setup used in this study is described in Section
3.2 Ekperiments have been carried out using water and air as motive fluid and suction
fluid in the ejector, respectively. In this present work, experiments have been conducted
for different nozzle geometries and sizes with variations in water flow rate for each

nozzle.

In order to understand the flow behavior in the ejector and bubble column, pressure
profiles have been observed by means of pressure transducers mounted along the axial
position of the column. Moreover, since pressure drop is one of important factors in
designing and optimizing gas-liquid contactors, its measurement is necessary. The values
of pressure drop have been determined from the readings on the pressure transducers.
These pressure drop information can be used to calculate energy dissipation in the column

to know the amount of energy that has been consumed for gas dispersion into liquid phase.

The gas fraction in the mixture in the column can be determined from the measurement of
gas hold-up. Gas hold-up has been measured using flow isolation technique by switching
off all inlet valves simultaneously. Analysis of experimental gas hold-up data using
model developed by Zuber-Findlay (1965) have aiso been performed. The outline of these

research activities is presented in a flow diagram as shown in Figure 3.1.
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Figure 3.1. Research flow diagram

3.2. Experimental Setup

The schematic diagram of the experimental set up is shown in Figure 3.2. The apparatus

consists of an ¢jector E, a bubble column C, and a gas-liquid separator SE, mounted

vertically on a slotted-angle frame work. Water, the motive fluid, is pumped into the
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system from the reservoir T, by the centrifugal pump P. Water enters the system through
the water entrance line WE. The water flow rate to the ejector is controlled by adjusting
the globe valves V-64 and V-66 in the bypass line and in the ejector inlet, respectively.
The flow rate, temperature and pressure of the liquid are measured by magnetic flow
meter FI-14a, J type thermocouple TI-03, and pressure transducer PI-04, respectively. Air,
the suction fluid, is sucked into the suction chamber from the surroundings through air
inlet line AE due to the vacuum generated in the ejector. The air flow rate is measured by
rotameter FI-12. Pressure readings at nine positions along the axis of the column are

measured by pressure transducers PI-06 to PI-15.

Legend:

C : Bubble Column

E : Ejector

SE : Gas-Liquid Separator
PI : Pressure Transducer
AE : Air Entrance Ling
WE  : Water Entrance Line

= 0.070

La=0205m
T

L,=0.125m ﬂ Volume =500 L.

X V-64

WE

D;=0.020m @ {>‘<|I \
Fl-14a V-66 D@:}
()
&/

P

Figure 3.2. Schematic diagram of ejector-induced bubble column experimental setup
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Figure 3.3 shows a sectional drawing of ejector-induced cocurrent upflow bubble column,
which consists of nozzle, suction chamber, throat, diffuser, bubble column and gas-liquid
separator. The column is fabricated from transparent borosilicate glass, to enable visual
observation of the process. The nozzle is fixed on a long hollow spindle fitted through the
bottom of the suction chamber. The spindle could be moved axially by a screw
arrangement, thus permitting accurate adjustment of the distance between the nozzle tip
and the throat entry. A checknut is used to secure the spindle to the suction chamber. The

suction fluid, air, enters the suction chamber through an inlet line located at its side.

o
Gas-Liquid !
Separator |
Ll
! Liquid
i Return Line
I
|
I
|
Bubble i
Column "
|
1
|
|
|
|
IVl
I
!
Diffuser %
|
v 1
Throat 1 I
v | Nozzle
A
Suction +—— AIR
Chamber
A 4

WATER

Figure 3.3. Sectional drawing of

ejector-bubble column assembly
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The section of the assembly consisting of throat, diffuser and bubble column has been
fabricated as a single piece using borosilicate glass. The various parts of experimental
setup are designed on the basis of standard dimensions recommended for optimum

performance as discussed below.

a. Throat
Earlier investigators such as Smith (1951) and Lapple (1956) bave shown that
ejectors with paralle]l throat give better performance compared to those with a
convergent-divergent section. According to Lapple (1956), to insure perfect
mixing between the two phases, the ratio of throat length (L,) to throat diameter
(D) should be in range of 4 to 10. In the present investigation, a parallel throat
with diameter of 26 mm and length of 125 mm has been used, giving a L/D, ratio

of 4.9.

b. Diffuser
A divergent section after the parallel throat decelerates the fluid and thus recovers
the fluid pressure. It has been reported by Smith (1951) that a diffuser with an
angle of 5 to 7 degree gives the maximum pressure recovery. In the present study

a diffuser angle of 7 degrees with 205 mm length has been used.

c. Nozzle
In the present study, convergent and orifice nozzles, as shown in Figure 3.4, in
various sizes have been employed. These types of nozzle are much simpler to
fabricate compared to convergent-divergent nozzle. The dimensions of the

different nozzle used in this study are shown in Table 3.1.

& D,
!
WNE L,
N

(a) (b)

Figure 3.4. Detail drawing of nozzle construction

(a) Orifice and (b) Convergent



Table 3.1. Sizes of nozzles
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Nozzle Inlet Nozzle Nozzle
Type Diameter, Diameter, Length,
D;, mm D, mm L., mm
Convergent 20 6 375
20 8 345
20 10 315
Orifice 20 6 40
20 8 40

d. Bubbie column C

The bubble column is a cylindrical pipe of 76 mm in diameter

€.

and 2500 mm

height. The upper end of the bubble column is projected into the gas-liquid

separator, with the column end about 250 mm inside the separator. The column is

fitted with nine pressure transducers along the axis of the column for measuring

the pressure drop across the system. The locations of the pressure transducers are

given in Table 3.2 (refer to Figure 3.2 for equipment identification).

Table 3.2. Distance of pressure transducers

from the air inlet line

Pressure Distance from air
. Transducers inlet line, mm

PI-06 0

PI-07 90

PI-08 250
PI-09 540
PI-10 1150
PI-11 1560
PI-13 2160
PI-14 2560
PI-15 2960

Gas-liquid separator SE

A cylindrical vessel made of stainless steel of 300 mm in diameter and 500 mm

height is used as gas-liquid separator at the top of the column. The separator is
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also provided with a gas vent, liquid outlet and liquid level indicator, The liquid
level in the separator is controlled well below the top of the bubble column to
ensure the accuracy of measurements in gas holdup. The level is controlled in a
close range by an ON/OFF controller which activates a pump at the liquid outlet

line.

f. Liquid feed pump P
Liquid feed pump P is used to deliver water as the motive fluid to the column at
high flow and pressure. Liquid feed pump P is a vertical multi-stage centrifugal
pump with capacity of 400 L/min, maximum head of 230 m, power of 15 kW, and

made of stainless sieel,

g Suction pump P-3
Suction pump P-3 is used to transfer water as the motive fluid from the gas-liquid
separator SE to the water storage tank T. Suction pump (P-3) is a centrifugal
pump with capacity of 250 L/min, maximum head of 23 m, power of 65 W, and

made of stainless steel.

The important dimensions of the gjector-induced bubble column are summarized in Table

3.3 (refer to Figure 3.2 for equipment identification).

Table 3.3. Dimensions of the gjector-bubble column assembly

Description Dimension (m)

Height of the suction chamber, H, 0.120
Diameier of suction chamber, D, 0.060
Drameter of throat, D, 0.026
Length of throat, L, . 0.125
Length of diffuser, L, 0.205
Diameter of bubble columm, D, 0.076
Diameter of water inlet line (nozzle upstream), D; 0.020
Diameter of gas inlet, D, 0.015
Length of bubble column 2.5
Diameter of nozzle used, D, 0.006, 0.008, 0.010
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3.3 Experimental Procedure

3.3.1 Equipment start-up procedures

Tank T is filled with water imtially before starting any experiments (refer to Figure 3.2
for equipment identification). Water is pumped through the nozzle using the high-
pressure centrifugal pump P with the air inlet line closed. Water flow rate for all
experiments has been selected such that an appreciable vacuum is developed in the
suction chamber. The desired water flow rate is maintained by adjusting the bypass valve
V-64 and the globe valve V-66 in the water inlet. After the water flow had stabilized and
vacuum condition is developed, air is admitted into the system by fully opening the air
inlet valve V-27. Under the action of water jet, the air is sucked into the suction chamber
and dispersed into fine bubbles, and a bubbly two-phase flow is established in the ¢jector
throat, diffuser and bubble column. After allowing 5 minutes for the establishment of
steady state conditions, which is shown by stable bubble flow in the system, flow rates
and pressure transducer readings are noted. To ensure the correctness of the readings and
‘to detect any malfunctioning of the instruments, the data are noted at three different times

with steady-state conditions.

3.3.2 Preliminary experiments

When water at high pressure is pumped through the nozzle, vacuum is generated in the
suction chamber. The vacuum level generated varies with the position of the tip of the
nozzle with respect to the throat inlet. The position also differs for different nozzle types
and dimensions. Preliminary experiments are performed to determine the optimum nozzle
position for each nozzle for generating the maximum vacuum as explained below.
Distance between the nozzle tip and the throat entry (z,) is varied by referring the
chamber base as the zero-point. Then, water 1s mtroduced into the system with a constant
flow rate for each nozzle type and distance variation. The vacuum level developed in the
suction chamber is then measured using PI-06. The heights of nozzle tip from the
chamber base are varied within range 1 — 11 ¢cm. By plotting the suction pressure against
the height of nozzle tip from the chamber base (4,), the position at which the maximum

vacuum occurs can be observed (refer to Figure B.1 and B.2 in Appendix B). All other
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experiments are conducted with the nozzle fixed at this optimum position. Moreover, in
order to ensure the accuracy and reproducibility of the results, the preliminary experiment
1s repeated three times. Figure 3.5 shows the schematic drawing of important sections in
this preliminary experiment while Table 3.4 presents the obtained optimum position for
each nozzle by taking the chamber base as the zero reference of nozzle height in the

suction chamber.

To Throat
- ‘F » Throat Entry
|
I
Zpt '
[
Suction Chamber < ~ -] T ———» Air Entrance Line
i
Wy |
|
|
|
h 4 — —» Chamber Base

|

| Axially Movable
' - Spindle

v

Water Entrance Line

Figure 3.5 Schematic drawing of important sections in preliminary experiments

Table 3.4 Optimum position of nozzle in the suction chamber

Nozzle height from
Nozzle
chamber base (/,), cm

Convergent Nozzle 6 mm (NC6) 4.0
Convergent Nozzle 8 mm (NC8) 6.0
Convergent Nozzle 10 mm (NC10) 9.0
Orifice Nozzle 6 mm (NO6) 8.0
Orifice Nozzie 8 mm (NOS) 9.0
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3.3.3 Pressure drop measurement

Pressure drop experiments have been carried out at maximum entrained air flow rate
given by different water flow rates and conducted under steady conditions of flow. The
water flow rates that have been used in the experiments extend within range 0.00058 —
0.00251 m?/s. Pressure at any axial position in the column is measured using pressure
transducers with a measurement range 0 — 4.5000 bar-a with an accuracy = 0.0001 of the
range that correspond to a linear velocity in the column. After the flow has reached steady
condition, pressure readings from each pressure transducers along the axial position of the
column are noted. Three repeated runs have been taken to ensure accuracy and
reproducibility in the measurements. Nozzle pressure drop have been obtained by
subtracting readings of PI-06 from PI-04; while the ejector pressure drop is achieved from
PI-09 and PI-06 (refer to Figure 3.2). Total pressure drop in the system have been
calculated as a difference beﬁveen the readings of PI-06 and PI-15.

3.3.4 Gas hold-up measurement

The overall gas hold-up for the system have been measured by flow isolation technique as
reported in literature Radhakrishnan et al., (1984); Kundu et al., (1995); Mandal et al.,
(2005). The column is equipped with a volumetric scale starting from the top section to
the boftom section of the column. After the flow of gas and liquid in the column has
attained a steady condition, the total volume of gas-liquid mixture is noted. Then, the
system is 1isolated completely by closing the liquid inlet and gas inlet valves
simultaneously. The gas-liquid mixture inside the column gets arrested and is allowed to
settle for some time whereby the gas gets separated. The volume of the unoccupied space
mside the column is then noted. Using the information of volume of total mixture and
unoccupied space in the column, fractional gas hold-up (&;) can be calculated using the
Equation (3.1). Three repeated runs have been carried out to avoid error caused by a time

delay between the closures of liquid and gas inlet valves.

Ve

> (3.1)

Eqg =
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3.3.5 Shut down procedures

The procedures to shut down the system after doing experiments are as follow:

Close the air inlet valve V-27

Close all connecting valves at the pressure transducers to avoid damage that might
occur due to hydrostatic pressure

Reduce the water flow rate into the system by opening bypass valve V-64 and
after that pump P can be switched off

Pump P-3 is automatically switched off according to the level in the gas-liquid
separator SE

Allow water to drain from gas-liquid separator SE into reservoir T

Drain all remaining water in the column by opening valve V-76

Switch off the control panel

3.3.6 Changing and aligning the nozzles

Vertical alignment of the nozzle is important to ensure that the jet flow of the motive fluid

comes

crucial

out from the nozzle in a straight line. Moreover, alignment of the nozzle is also

in determining the highest vacuum level in the suction chamber as discussed in

Section 3.3.2. There are several steps that need to be carried out in changing and aligning

nozzles which can be described as follows:

L.

N

Before changing the nozzle at the ejector-induced cocurrent upflow bubble
column, water must be fully drained out from the system. Air is released to the
atmosphere from the vent line, while water is flushed out by opening valve V-76
Loosen the cap holding the nozzle assembly at the bottom of the ejector and pull
out the assembly

Unscrew the original nozzle from the assembly and attach the new nozzle
Reinsert the nozzle assembly into the ejector

Adjust the desired nozzle height in the ejector

Tighten the cap holding the nozzle and make sure that the spindle position is not

inclined
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3.4 Data Processing

3.4.1 Pressure drop

Data processing for pressure drop measurement for cach nozzle is carried out by
tabulating all the experimental data according to Table 3.5. Air entrainment rate (Qg) for
each water flow rate (Q;) is measured using rotameter FI-12 (refer to Figure 3.2).
Pressure readings from all transducers are noted and the pressure drop in the ejector and

total system can be subsequently determined.

Table 3.5 Data table for pressure drop measurement

0 | 06 | 0u=0+0s | P04 | PLO6 | PL.. | PLI5S | AP, | AP,
m/s | m'/s m’/s Pa Pa Pa Pa Pa Pa
O
Or2
QLJ:

3.4.2 Friction factor

Calculation of frictional pressure drop and friction factor is carried out by assuming that
the water-air mixture inside the system is homogeneous. Therefore, Equations (2.4) and
(2.10) are applied to calculate friction factor for the two-phase flow, respectively. Data
processing for frictional pressure drop and friction factor for each nozzle is done by

tabulating all necessary data according to Table 3.6.

Table 3.6 Data table for friction factor calculation

AP, 1+R, AP,
O: Oc (o Vi my me R, p.gz | l+o, P8z g
m’/s m’/s m/s kg/s kg/s
O
Qf- 2

QLn
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3.4.3 Energy dissipation
Calculation of energy dissipation in the ejector from experimental data is performed by

assuming that the system operates with single phase liquid flow, which can be expressed

by the following equation.
E, = jQMdP (3.2)

All the calculations of energy dissipation based on experimental data are compiled in
Table 3.7.

Table 3.7 Data table for energy dissipation calculation

o Qs AP, Ep.
m'/s | m/s Pa W
O
Qo>
QL n

3.4.4 Derivation of Bernoulli Equation for water flow through nozzle

In this present work, an attempt to elucidate the relationship between nozzle pressure drop
and water flow rate has been carried out using Bernoulli principle. Bemoulli equation for

the nozzle between the entry and exit points can be written as

2 2

B Y B Ve (3.3)
e, 2 p 2
Rewriting Equation (3.3), we get
B-P =L, 7y, Y (3.4)



37

which can be rearranged as

Eua=”ﬁvif[l~"“2J (3-3)
2 ' v{.,s
Substituting for v; in Equation (3.5) withv, = 2 , we have
- 771) 2
4 n
2 2
pop=Lr_ % {1-"“2} (3.6)
VL,:

5 2 [EDHZJZ
4

Assuming constant water density and application of continuity equation yields,

2 AZ
P,—Pcziz%[l— : 3.7)
- oxt D,

Equation (3.7) can be rewritten as

R~ =228 [I—Dz] (3.8)
7 D D

The theoretical values of pressure drop across the nozzle can be determined using

Equation (3.8) and subsequently compared with the experimental values.
3.4.5 Determination of coefficient of discharge, C,

The coefficient of discharge, C, is determined for different nozzles using experimental
pressure drop data and applying Equation (4.2). Plotting (P-Ps) against (0.Q;/D,)(1-
(D,*/DY) gives (8/7°C,7) as the slope. From the slope information, C, for different
nozzles are calculated accordingly. The value is then plotted against Reynolds mumber to

get a mathematical correlation between Reynolds number and C, for each nozzle.
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3.4.6 Derivation of Bernoulli Equation for air flow through air inlet line

By heglecting frictional and hydrostatic losses, and eliminating external work factor,
Bernoulli equation for the air inlet line between the atmosphere and the suction chamber
(points A and S, respectively, in Figure 4.11) can be written as (Perry, R.H and Green,
D.W., 1999)

Vou _ .[l qp = Vo (3.9)
2 aip 2
which can be rearranged as
_JidpL"_i_"_a:; (3.10)
i p 2 2

For 1sothermal flow of a perfect gas, _ Sj‘d_P - Elni . Hence, Equation (3.10) becomes
ip M P

Emizl(vmtvmz) (3.11)
M P 2V e

which can be rewritten as
R B 1y oy Yes (3.12)
Mo P27 Vo,

Assuming the air flow rate measurement is done at suction pressure and substituting for

Os

vos in Equation (3.12) withv, | = we have

7L

A 1 1_"“,2 (3.13)
P 2RT (E j v,
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Applying continuity equations and rearranging Equation (3.13) results

A :ii‘{ﬁzg(l _ j«;J (3.14)

P = RID\ 4,
Since the area of the atmosphere is assumed very large, the ratio of the square of air inlet
area to that of atmosphere area can be neglected. Consequently, we get the final equation

as

i 8 MO, (3.15)

Pz RID,
3.4.7 Gas hold-up
In gas hold-up measurement, first the total volume of the column, Vr, is noted, which is
14400 mL. Afier sudden termination of the flow, the volume of unoccupied space in the
column is also noted. Then, gas hold-up can be calculated by applying Equation (3.1).

Table 3.8 shows how the gas hold-up data are arranged.

Table 3.8 Data table for gas hold-up measurement

O Oc Ow =01+ O Ve &=Vs/Vr g =(1-55)
m’/s m’/s or/s mL
Qi
O
(075

Gas hold-up is analyzed using Zuber-Findlay’s (Zuber and Findlay, 1965) drift-flux

model. Analysis of gas hold-up data using drift-flux model also comprises of several steps.

I. Gas and liquid superficial velocity are calculated from (Qp/A.) and (Qg/A.),
respectively

2. Mixture superficial velocity is defined by summing water and air superficial

velocities (vir = vg + vr)
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True air velocity is calculated (ug) from (vg, &)

4. True air velocity is plotted against mixture superficial velocity in a graph for each

nozzle

5. Slope of the graph represents distribution parameter (C,), while the line

interception shows the local relative velocity (vp)

Data tabulation for gas hold-up analysis with drift-flux model is presenied in Table 3.9

and Figure 3.6.

Table 3.9 Data table for gas hold-up analysis with drift-flux model

83 Oe Vi VG Var &z g
‘m'/s m’/s m/s m/s m/s m's

01,

QL 2

Orn

B

Var

Figure 3.6 Drift-flux correlation chart
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3;5 Equipment Identification

Figure 3.7 shows the experimental setup consisting of cocurrent upflow bubble column,

gjector, pressure transducers and the control panel.

Figure 3.7 Ejector-Induced Cocurrent Upflow Bubble Column

In Figure 3.8, pictures of ejector, air inlet line, rotameter FI-12 and pressure transducers

PI-06 up to PI-09 are shown.
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Figure 3.8 Ejector Assembly (E), air inlet line,

rotameter FI-12 and pressure transducers (PI)

Five different nozzles with different sizes in diameter have been employed in the

experiments as presented in Figure 3.9 (refer to Table 3.4 for the nozzle coding).

Figure 3.9 ﬁozile:s used in the experiments from left to right:

NC6, NC8, NC10, NO6 and NOS8

Figure 3.10 shows the image of storage tank T where water as the motive fluid is reserved

before being pumped into system.
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Figure 3.10 Water storage tank (T)

A centrifugal pump P is used to transfer the water from the storage tank T into the system,
and to measure its flow rate, a magnetic flow meter FI-14a is provided as presented in

Figure 3.11.

Figure 3.11 Flow meter (FI-14a) and pump (P)
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After flowing upward through the column, the mixture of water and air gets separated in
gas-liquid separator SE. Figure 3.12 shows the gas-liquid separator SE which is mounted
at the top of the ejector-bubble column.

Figure 3.12 Gas-liquid separator (SE)

Water is then sent back to the water storage tank T by means of suction pump P-3 as

presented in Figure 3.13.

Figure 3.13 Suction pump (P-3)
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3.6 Summary

This chapter presented research activities, equipment identification, experimental
procedure and data analysis procedure to achieve the objective of this research. The
experimental activities include observation of pressure profiles and gas entrainment rate,
measurement of pressure drop, calculation of energy dissipation and measurement of gas
hold-up m an ejector-induced cocurrent upflow bubble column. Experimental setup
consists of an ejector integrated with upflow bubble column and gas-liquid separator
(refer to Figure 3.2). Water and air have been used as the motive and suction fluid in the
ejector, respectively. Sets of experiment have been performed using convergent and
orifice nozzles with different sizes in nozzle diameter. Procedures for data treatment have

been described in Section 3.4,



CHAPTER 4

RESULTS AND DISCUSSIONS

Ekperiments have been conducted in the ejector-induced cocurrent upflow bubble column
using water-air system. In the ejector, water and atmospheric air act as the motive fluid
and suction fluid, respectively. Two types of nozzies, orifice and cor_wergént, with
different sizes in nozzle diameter have been used in the experiments. Minimum water
flow rate for all experiments has been selected such that an appreciable vacuum is
developed in the suction chamber. In Sections 4.1 to 4.6, experimental results are
provided and some preliminary experiments are presented. In Sections 4.7 to 4.9,
Bernoulli principle has been applied for analyzing the water and air flow across nozzle
and air inlet line, respectively. Analysis on energy dissipation and gas hold-up are

presented in the subsequent sections.

4.1 Pressure Profile Observations

Pressure profile in the system is measured using nine different pressure transducers
mounted along the axis of the column as shown in Figure 4.1. Water at high pressure is
pumped through the nozzle at high velocity into the suction chamber. As a result, air is
sucked into the chamber and entrained into the throat. In the throat, air disj)erses into the
water and forms two-phase flow. The two-phase fluid then flows into the diffuser where
the pressure is recovered. Subsequently, the water-air mixture flows upward through the
bubble column in which the pressure decreases gradually due to the hydrostatic loss. This
phenomenon is studied using five different nozzles with different sizes in nozzle diameter.
Three of which are convergent nozzles, and the other two are orifice nozzles.

Experimental data of this study are presented in Figures 4.1 to 4.5.
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Figure 4.1. Observed pressure profiles for different water flow rates in the system using 6

mm convergent nozzle (NC6), with distance, z, measured from the tip of the nozzle
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Figure 4.2. Observed pressure profiles for different water flow rates in the system using 8

mm convergent nozzle {NC8), with distance, z, measured from the tip of the nozzle
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Figure 4.3. Observed pressure profiles for different water flow rates in the system using 10

mm convergent nozzle (NC10), with distance, z, measured from the tip of the nozzle
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Figure 4.4. Observed pressure profiles for different water flow rates in the system using 6

mm orifice nozzle (NOG6), with distance, z, measured from the tip of the nozzle
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Figure 4.5. Observed pressure profiles for different water flow rates in the system using 8

mm orifice nozzle (NO8), with distance, z, measured from the tip of the nozzle

From the pressure profiles shown in Figures 4.1 to 4.5, it can be seen that maximum
decrease 1n pressure occurs across the nozzle. This is due to the acceleration of the motive
fluid as the pressure energy is converted into kinetic energy. This sudden pressure drop
reaches vacuum condition and because of this, air is sucked into the chamber and
entrained into the throat. However, as air disperses into the water along the throat and
divergent diffuser, the fluid flow pressure is recovered and its velocity decelerates due to
increasing crossectional area. The pressure recovery reaches its maximum condition at the
diffuser outlet. In the bubble column section, the two-phase flow experiences gradual
pressure drop due to the hydrostatic and frictional losses and finally reaches atmospheric

pressure at the end of the column.
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4.2 Pressure Drop across the Nozzle

Pressure drop across the nozzle is the difference between the pressures at the upstream of
the nozzle () and at the nozzle tip (P). Figure 4.6 shows the schematic diagram of

important locations at the nozzle for measuring water pressure drop across nozzle.

Nozzle Joint

Figure 4.6. Schematic diagram of important locations at the nozzle

for measuring water pressure drop across nozzle

Figure 4.7 shows the relationship between upstream water pressure (P;) and water flow

rate (Qr) observed during the experiment (refer to Table 3.4 for the nozzle codes).
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Figure 4.7. Upstream pressure (P;) developed as a function of

water flow rates for different nozzles
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From Figure 4.7, it can be seen that for the same water flow rate, 6 mm nozzles have
higher water pressure compared to 8 mm and 10 mm nozzles. This can be explained by
the fact that greater flow restriction is obtained using nozzles with smaller nozzle
diameter. In terms of nozzle type, due to their mechanical design, orifice nozzles provide

greater water pressure than convergent nozzles for a given water flow rate.

As water passes through the nozzle, its pressure decreases and vacuum condition is
created in the suction chamber. It is observed that suction pressure developed in the
chamber depends highly on the water flow rate and nozzle diameter. The effect of water

flow rate on the suction pressure is illustrated in Figure 4.8.
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Figure 4.8. Effect of water flow rates on the suction pressure (P;) developed

for different nozzles

Figure 4.8 shows decreasing trends of suction pressure with increasing water flow rates.
For the same water flow rate, 6 mm nozzle develops lower suction pressure than § and 10
mm nozzles. In view of the nozzle type, usage of orifice nozzles in the ejector give lower

suction pressure for the same nozzle size and water flow rate.
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In order to get more comprehensive view of water pressure drop across the nozzle,

relationship between nozzle pressure drop and water flow rate is plotted in Figures 4.9
and 4.10.
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Figure 4.9. Effect of water flow rate on the pressure drop across
the convergent nozzles
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Figure 4.10, Effect of water flow rate on the pressure drop across the orifice nozzles
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Figures 4.9 and 4.10 show that greater pressure drop is obtained for nozzles with smaller
sizes for the same water flow rate. In terms of nozzle type, orifice nozzles give larger
pressure drop compared to convergent nozzles for the same water flow rate. This is
because orifice nozzles give sudden contraction on the flow, while convergent nozzles

have relatively smoother contraction due to their physical shapes.

4.3 Pressure Drop for Air Flow across the Air Inlet Line

The vacuum developed in the chamber allows air from the atmosphere to be sucked into
the suction chamber. The rate of air entrainment into the chamber depends on the suction
pressure. Air pressure drop is measured between the aimospheric pressure (P,) and the air
pressure at the air inlet line. The pressure at the air inlet line is assumed equal to the
suction pressure (P;) developed in the suction chamber. Figure 4.11 shows the schematic
diagram of important locations at the suction chamber for measuring air pressure drop

across air inlet line.

To Throat

i

Suction Chambef

D, «1 Py

Air Entrance Line

Water Entrance Line

Figure 4.11 Schematic diagram of important locations at the suction chamber

for measuring air pressure drop across air inlet line

The relationship of air flow rate with the air pressure drop through the air inlet line is

presented in Figure 4.12.
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Figure 4.12. Effect of suction pressure on the air flow rate with different nozzles

From the figure, it is concluded that more air is sucked into the chamber as the suction
pressure decreases or, in other words, pressure drop across the air inlet line increases.
This can be explained by the fact that higher driving force is created by having greater
difference in pressure through the air inlet line. This driving force causes air in the

atmospheric surroundings sucked into the suction chamber of the ¢jector.

4.4 Observations on Water Flow Rate and Air Entrainment Rate

The relationship between the water flow rate and the air entrainment rate for various
nozzles obtained experimentally is shown in Figure 4.13. From the figure, it is observed
that increasing water flow rate increases the air entrainment rate into the suction chamber.
It is ailso observed that for the same water flow rate and nozzle size, orifice nozzles have
the ability to entrain greater amounts of air into the ejector than convergent nozzles. This
is obvious as we have observed in Section 4.2 that orifice nozzles developed higher
vacuum than convergent nozzles. Consequently, it is expected that the air flow rate to

follow the same trend.
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Figure 4.13. The relationship between the observed water flow rate and

the air entrainment rate for different nozzles
4.5 Pressare Recovery in-the Ejector -

Pressure recovery in the gjector starts from the throat section up to the diffuser section
and reaches its maximum value at the diffuser outlet. Besides observing the pressure

values at the diffuser outlet (P4) experimentally, an approach to verify those values has

also been done using the following eguation:
P{.' :PA +Phyd (4-1)

where P, and Py, are atmospheric pressure at the end of the column and hydrostatic
pressure in the bubble column section, respectively. By assuming that the whole section
of bubble column is fully filled with water, then Py» = p; g z. Comparison between the
observed values from the experiments and the values calculated using Equation (4.1) with

respect to the pressure in the suction chamber (P;) is presentéd in Figure 4.14.
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Figure 4.14 Comparison between the observed values of (P;-F;)

and those calculated using Equation (4.1)

Figure 4.14 shows that a fair agreement between observed values from the experiments
and the values calculated using Equation (4.1) is achieved. The correlation coefficient
(R%) for the fits is 0.6. Maximum deviation that can be observed from Figure 4.14 is
obtained using 10 mm convergent nozzle (NC10). Deviation likely occurs due to the
assumption that only water phase is considered in calculating the pressure at the diffuser
outlet (Pz). This assumption influences the value of hydrostatic pressure (Pys) which
consequently results in higher values of calculated P; - P;. However, the deviation of the

parity plot only ranges from 0 — 36%, which 1s still considered acceptable.

4.6 Pressure Drop in the Ejector and the Total System

Pressure drop in the ejector is measured between the nozzle tip (PI-06) and the diffuser
outlet (P1-09). Pressure drop across the ejector as a function of water flow rate, air

entrainment rate and mixture flow rate are presented in Figures 4.15 to 4.17.
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Figure 4.15. Effect of water flow rate on ejector pressure drop

Figure 4.15 shows that pressure drop in the ejector increases linearly with the increase of
water flow rate (). Pressure in the diffuser outlet (2;) does not change very much with
the increase of water flow rate, while pressure at the nozzle tip (Ps) varies significantly
according to water flow rate and nozzle type. Hence, the pressure drop in ejector is

mainly affected by pressure at the nozzle tip which results in linear trend.
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Figure 4.16. Effect of air entrainment rate on ejector pressure drop, R = 0.816
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In Figure 4.16, it is observed that pressure drop in the ejector increases with the increase
of air entrainment rate. Also, ejector pressure drop have linear relationship with the air
entrainment rate. This increase in pressure drop can be explained by the fact that an
increase in of air entrainment rate causes higher population of gas bubbles, which in turn
increases the true liquid velocity. This is also due to the fact that the amount of entrained
air is only influenced by the suction pressure in the suction chamber (Ps) which is
assumed to be equal to the pressure at the nozzle tip. Therefore, any changes to ihe

suction pressure will lead to the same trend to the air entrainment rate.

60000 |

o ‘
50000 & a
40000 ‘ B

30000 7; A 9//
/ ¢ NC6 R*=0.959
i O NCS Rl=
20000 R*=0.991 |
/ A NCIO R*=0.943

£0000 X NO6 R*=0997 |

AP, Pa

0 NO8 R*=0971

0.0000 0.0020 0.0040 0.0060

O s m’/s

Figure 4.17. Effect of mixture flow rate at the suction chamber

on ejector pressure drop

From Figure 4.17, it can be observed that pressure drop in the ejector increases with the
increase of the flow rate of water-air mixture. For the same mixture flow rate, all nozzles
give approximately the same pressure drop in the ejector except for NC10. Deviation for
NC10 occurs because it presents higher suction pressure (P;) compared to other nozzles.

For this reason, the ejector pressure drop for NC10 becomes lower than for other nozzles.

Figure 4.18 illustrates the total pressure drop in the whole system, which is measured

between the nozzle tip (PI-06) and top of the bubble column (PI-15).
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Figure 4.18. Effect of water flow rate on total system pressure drop

Pressure drop in the total system is influenced by two different shapes of vertical pipe
which are divergent section at the ejector, and vertical straight pipe at the bubble column
section. In the ejector, pressure recovery due to deceleration is more dominant than
pressure drop caused by hydrostatic loss, while in the bubble column, by neglecting
losses due to friction, pressure drop is purely influenced by hydrostatic loss. However,
from Figures 4.15 and 4.18, it can be seen that the higheét pressure drop is obtained in the
gjector and in the total system by applying 6 mm orifice nozzle (NO6), or in other words,
orifice nozzle with the smaliest diameter. In addition, it is also observed that triplicate
runs taken for each trend only give small deviation to the average value which range from

2-5%.
4.6.1 Friction factor in the total system

Two-phase friction factor in the total system for each nozzle have been calculated using
experimental data and applying Equation (2.10} as described in Section 3.4.2. Two-phase
friction factor as the effect of superficial liquid Reynold’s number in the column (Re; ) 18

illustrated in Figure 4.19.
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Figure 4.19 Effect of superficial water Réyno]d’s nurnber on the

two-phase friction factor

From Figure 4.19, it can be observed that two-phase friction loss increases linearly with
the increase of water Reynold’s number. NO6 is found to have largest friction loss in the
system of all nozzles. This is due to the fact that high water flow rate that passes through
the nozzle causes high vacuum level in the suction chamber. Consequently, the total
.pressure drop in the column increases. As a result, frictional pressure drop is also
increased as expressed by Equation (2.4). An increase in frictional pressure drop causes
the increase in two-phase friction factor as shown by Equation (2.10). Friction loss in this
present work ranges from 0.07 — 38.14 which is higher than ordinary pipeline contactors.
This may possibly be due to the much better dispersion obtained by the use of single-jet
nozzle in the gjector. In comparison with the results of Radhakrishnan and Mitra (1984),
the present work gives lower values of friction factor than theirs. Radhakrishnan and
Mitra (1984) obtained two-phase friction factor which ranges from 0.09 — 541.92. This is
possibly due to the use of multi-jet nozzle in their system. Muiti-jet nozzles are able to
give higher vacuum level and entrain more amount of suction fluid than single-jet nozzle
(Witte, 1969). However, they are not very common in industries and rather difficult to

fabricate.
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4.7 Application of Bernoulli Principle for Water Flow through the Nozzle

In this present work, Bernoulli principle has been used to interpret the water flow through
the nozzle as explained in Section 3.4.4. From Equation (3.8), it is known that the
pressure drop across the nozzle is proportional to the water density (p.) and the square of
water flow rate ((,°) and inversely proportional to the fourth power of nozzle diameter
(D). A plot of observed (P, — P;) against (001D, )(1-(D,*/D{*)) is shown in Figure
4.20.
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Figure 4.20. Correlation of water pressure drop across the nozzle

From the figure, it is observed that there are deviations between the experimental pressure
drop values and those calculated from Equation (3.8). It is observed that the deviations for
the ormifice nozzles (NO6 and NOS) are larger than that for the convergent nozzles (NC6,
NC8 and NC10). These deviations can be attributed to the large frictional losses in the
orifice nozzles. Large frictional losses in orifice nozzles are obtained duc to their physical
shape that creates greater sudden contraction compared to convergent nozzles (refer to
Figure 3.4). To account for the frictional losses across the nozzle, Equation (3.8) is

modified by introducing a coefficient of discharge, C,, and written as

P -P =iz p"Q"; (1—D" ] (4.2)
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The estimated C, values for the nozzles are presented as a function of Reynolds number

as shown in Table 4.1.

Table 4.1. C, values for various nozzles

~ Studied
Nozzle Re; ,, Range C.=fiRey ) R’ Range of @, | C,Range
(x 10° m'/s)
NC6 | 227398 - 310089 C,=-0.126 In (Rey, ) + 2.575 0.849 92-125 0.98 - 1.00
NC8 | 248071 -372106 C,=-0.198 In (Rey, ) + 3.474 0.849 134 - 200 0.93 -1.00
NC10 | 223264 -372106 C,=-0.246 In (Re;, ,) + 4.021 0.947 150 - 251 0.87-0.99
NO6 | 144708 - 219129 C,=-0.067 In (Reg, ) +1.502 0.846 58 - 89 0.68-0.70
NO8 | 186053 - 279080 C,=-0.056 In (Reg, ) + 1.367 0.954 100 - 150 0.66 - 0.69

For a well designed venturi-shape pipe, the constant C, is around 0.98 — 0.99, while for
orifice, C, ranges from 0.60 - 0.70 (McCabe et al., 2004). From the table, it is observed

that all convergent nozzles behave like venturis. This is shown by the fact that the C,

values for all convergent nozzles ranges from 0.87 — 1.00. C, values for both the orifice

nozzles also comply very well with the theoretical ranges for orifice shape, which is 0.66

— 0.68. Figure 421 shows the relationship between (Pr-P;) and (p.0r/D.*CA)(1-

(D,/D7%)).
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A linear trend between (Pr-P,) and (0:0;"/D.'CAH-(D,* /D) is observed from Figure
4.21. The averaged slope of the trends is 0.80 which is very close to the theoretical value
of 0.81. Hence, this proves the validity of the model expressed by Equation (4.2).

4.8 Application of Bernoulli Principle for Air Flow through Air Inlet Line

Suction pressure developed by the nozzle dictates the amount of air that can be sucked
into the suction chamber. The relationship between suction pressure and air flow rate in
the ejector can be modeled using Bernoulli equation as expressed by Equation (3.15).
From the equation, it is known that /n(P4/P;) is proportional to the square of air flow rate
(Qc°), and inversely proportional to the fourth power of air inlet line diameter (D,*). An
approach using this Bernoulli equation shows good theoretical match with the

experimental results with only approximately 30% in error as illustrated in Figure 4.22.
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Figure 4.22. Correlation between the pressure drop across the air inlet line

and the air flow rate for different nozzles, R’ = 0.894

Beside random error that might have occurred during the measurement of air entrainment

rate, the deviation is suspected to happen because of the assumption that has been taken in
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applying the pressure in the suction chamber (P,) to represent the pressure in the air inlet

line.

4.9 Correlation between Water Flow Rate and Entrained Air Flow Rate

With the correlations developed for each phase, an attempt to predict air entrainment rate
using water flow rate and nozzle size is carried out. Combining Equations (4.2) and (3.15),

and eliminating P, we get

_8 p0] P, (4.3)
{ 2 C‘-D”': 8 QGz
Xp| —, 7
~*RTD,

By simplifying Equation (4.3), a correlation between water flow rate and entrained air

flow rate is obtained as

2 4
P T RID, J @.4)

Q. =||In 4 {
¢ p- ipLQLZ 8M
f o C2D4

» n

The calculated values of entrained air flow rate from Equation (4.4) are plotted against the

experimental values and are shown in Figure 4.23.
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Figure 4.23. Comparison of the experimental values of entrained air flow rate

with those calculated from Equation (4.4)

Irom Figure 4.23, it is observed that Equation (4.4) has agreeably predicted the amount
of entrained air flow rate within the range of experiments. Correlation coefficient for the
fits is 0.448 and maximum error of 25% is found from the parity plot. This is probably
due to the fact that there are only few points that have been plotted in the graph. More
points can be obtained by increasing the number of flow rates variation in the experiments.
This will expectantly give clearer and better representation of the plot. However, Figure
4.23 has already proven that air entrainment rate in this system can be predicted with
reasonably good accuracy with the availability of operating conditions (£, O, and T) and

the dimension of ejector (D, and D,) data.

4.9.1 Correlation between predicted values of water flow rate and air entrainment

rate

Water flow rate is predicted using experimental values of water pressure drop across the
nozzle and by applying Equation (4.2). Figure 4.24 shows the correlation between the

predicted values of water flow rate and air entrainment rate.
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By comparing plots obtained from Figure 4.24 with those shown in Figure 4.13, it is

known that the predicted values of water and air flow rates are found lower than the

experimental values. Deviation between predicted and experimental water flow rates is

found very small with an average error of 3 %. On the other hand, deviation for air

entrainment rate is found quite big with an average error of 20 %. This can be explained

by the fact that the calculation of air entrainment rate involves several steps. First, suction

pressure (P;) is calculated through Equation (4.2). Apparently, this step of calculation

provides certain amount of error. This error gets larger when suction pressure (P;) is used

further to calculate the air entrainment rate through Equation (3.15). As a result, the

predicted values of air entrainment rate give rather big deviation to the experimental

values.

4,10 Energy Dissipation in the Ejector

Air dispersion into the water in the ejector causes pressure loss. This pressure loss

indicates the amount of energy being used to create intense mixing between water and air

in the system. This phenomenon can be explained by Equation (3.2). The dissipated
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energy is represented by Ep, while dP and Qy, are differential pressure in the ejector and

mixture flow rate, respectively. Equation (3.2) can be written further as:
ED :(PJQM,J)_(‘PSQM,_;) (45)

Figure 4.25 illustrates the effect of mixture flow rates at the suction chamber on the

dissipated energy in the ejector.
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Figure 4.25. Effect of mixture flow rate at the suction chamber

on the dissipated energy for different nozzles

It is known from Equation (4.2) that pressure drop in the system is proportional to the
square of flow rate. Therefore, by applying this relationship in Equation (4.5) results that
energy dissipation is proportional to the third power of mixture flow rate. The relationship
between energy dissipation in the ejector and mixture flow rate at the suctioﬁ chamber is

shown in Figure 4.26. It is observed from the plot, that £, varies linearly with O/ .
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Figure 4.26. Relationship between energy dissipation in the ejector and

the third power of mixture flow rate at the suction chamber

However, it can be observed from Figure 4.26 that NC8 and NC10 perform deviation
from the straight line. This is due to the fact that NC8 and NC10 have lower air
entrainment rate for the same water flow rate than NO6, NC6 and NO&. As a result, it is
found that NC8 and NC10 have lower mixture flow rate at the diffuser outlet compared to
other nozzles. Therefore, by referring to Equation (4.5), this condition makes the

dissipated energy in the ejector for NC8 and NC10 lower than for NO6, NC6 and NOS.

The energy dissipation in the ejector calculated based on the pressure drop information
extends within range 16.2 — 118.9 W. These values are higher compared to the results of
Zahradnik et al. (1997} which only ranges from 0 — 22.4 W. This is due to the ability of
the present system to provide wider range of water flow rate and perform better

dispersion between the two phases.

4.11 Gas Hold-Up Analysis

Gas hold-up have been measured using flow isolation technique as described in Section

3.4.7. Experiments have been conducted using five different nozzles and atmospheric air
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as suction fluid. The effect of entrained air flow rate on the gas hold-up with different

nozzles is illustrated in Figure 4.27. -
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Figure 4.27. The effect of entrained air flow rate on gas hold-up

. for various nozzles.

It is found from the experiment that gas hold-up profiles are clustered according to the

nozzle sizes (6 mm, 8 mm and 10 mm nozzles). Higher gas hold-up values are provided

by 6 mm nozzles. This is due to higher vacuum level obtained using smaller nozzles. This

condition causes more air sucked into the system. This corroborates the results of

Radhakrishnan and Mitra (1984), Zahradnik et al. (1997) and Mandal et al. (2005). A

comparative picture comprising superficial velocities and gas hold-up of the present work

and previous works with different jet type is presented in Table 4.2.
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Table 4.2 Comparison of gas and liquid superficial velocities, and gas hold-up

for different types of jet bubble column

Investigator Type of Reactor Superficial Superficial | Gas hold-up,
Liquid Gas £y -
Velocity, Velocity,
vy, mfs Vg, H/S
Radhakrishnan and Upflow ejector 0.04 — 0.17 0.73 - 1.00 0.13-0.41
Miltra, (1984) bubble column
Huynh et al. {1991) Upward venturi 0.175-0.353 | 0.05-0.25 0.05-0.30
column
Briens et al. (1992) Downflow venturi 0.20-0.50 0.01-0.10 0.15-0.40
column
Zalradnik et al. (1997) Upflow ejector 0.01-0.03 0.02 -0.06 0.06 -0.22
Mandal et al. (2003) Downtlow ejector 0.07 - 0.716 0.01 -0.08 0.40 — 0.60
bubble column
Present work (2008) Upflow ejector 0.13 - 0.55 0.22 - 0.42 0.28 - 0.37
bubble column

From Table 4.2, it can be observed that gas hold-up value obtained in the present work is
higher than Huynh et al. (1991), Briens ¢t al. (1992) and Zahradnik et al. (1997). This is
due to the fact that the present work has higher gas superficial velocity than theirs.
Moreover, it can also be concluded that ejectors as is a very effective equipment to be
used as gas distributor as they can entrain more amount of suction fluid into the system
compared to venturi or other gas distributors for the same flow rate of motive fluid.
Furthermore, this current work provides quite similar values of gas hold-up to the results
of Radhakrishnan and Mitra (1984). However, Radhakrishnan and Mitra (1984) used
multijet nozzles in their system which enables motive fluid with low flow rate to produce
greater vacuum level and entrain more amount of suction fluid compared to single-jet
nozzle. It is also found that the present work have lower gas hold-up value compared to
the results of Mandal et al. (2003). This is because downflow column in their work has
longer residence time than upflow column which is used in this current work. However,
downflow columns cannot be applied with high flow rate due to the risk of flooding. This
emphasizes that upflow bubble column with ejector is an efficient and flexible gas-liquid

contacting device.
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Gas hold-up data is then analyzed using drift-flux model as described in Section 3.4.6.
Drifi-flux model provides information about the two-phase flow behavior and
concentration distribution across the column as well as the effect of local relative velocity
between the two phases. In this correlation, gas true velocity is plotted against the mixture

velocity. Figure 4.28 shows the drift-flux correlation for each nozzle.
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Figure 4.28. Drift-flux correlation for ejector bubble column

Slope for each line in Figure 4.28 represents the distribution parameter (C,) which
accounts for the effect of non-uniform flow and gas-phase concentration profiles, while
the intercept shows the weighted average drift velocity (vp) which accounts for the effect
of local relative velocity. Table 4.3 shows the distribution parameter (C,) and drift

velocity (vp) for each nozzle.

Table 4.3. Values of drift-flux parameters

obtained from experimental data

Nozzle C, Vv (m/s)
NC10 1.43 0.04
NC8 1.30 0.26
NCoé 1.21 0.25
NO§ 1.16 0.27
NO6 1.61 0.12
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From Table 4.3, it is observed that the distribution parameters (C,) obtained from the
experiment ranges from 1.16 — 1.61. This range indicates that the fluid flows in all
experiments have a center-peaked radial gas hold-up profile (C, > 1) which means air
travels faster than water in the column (Majumder et al., 2006). The drift velocities from
the experiments extend within the range 0.04 — 0.26 m/s. The presence of nozzle has very
little effect on the distribution parameter and drift velocity. Comparison between the

present work and other reported works on C, and vp, is presented in Table 4.4.

Table 4.4 Comparison of distribution parameter and drift velocity for different works

Distribution Drift
Investigator System Parameter Velocity
(Co), - (vp), m/s
Kelkar et al. n-butanol-Air 1.24 0.06
(1983) n-propanol-Air 1.30 0.066
Ethanol-Air 1.60 0.074
Clark and Flemmer Water-Air 1.07 0.25
(1983) Upflow
Chandrakar et al. CMC-1-Air 1.37 0.22
(1985) CMC-2-Air 1.54 0.29
CMC-3-Air 1.70 0.25
Present work Water-Air 1.16 - 1.61 0.04 - 0.26
{2008) Upflow

Gas hold-up analysis with drift-flux correlation of the present work agrees well with the
results achieved by Clark and Flemmer (1985). In a water-air system, Clark and Flemmer
(1985) obtained an average value as 1.07 and 1.17 for conventional upflow and downflow
bubble column, respectively. They also obtained the value of drift velocity 0.25 m/s for

upflow bubble column and that for downflow -0.25 m/s for water-air system.

4.12 Summary

Experimental observations on air entrainment rate, pressure profiles, pressure drop and

gas hold-up in an ejector-induced cocurrent upflow bubble column for various nozzles
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have been conducted. Energy dissipation in the ejector section has been caiculated using

the pressure drop information and applying Equation (3.2).

6 mm orifice nozzle (NO6) has the ability to develop higher vacuum compared to other
nozzles. Hence, it entrains more air from the atmosphere and has higher gas hold-up and
energy dissipation compared to those with larger diameter. In terms of nozzle type, orifice

nozzles develop higher vacuum than convergent nozzles.

Mathematical correlations have been developed to predict the water pressure drop across
the nozzle, the air pressure drop across the air inlet line and air entrainment rate using
fundamental principle of fluid mechanics. It is found from the models that air entrainment

rate depends highly on the water flow rate and the nozzle diameter.

Experimental gas hold-up data have been presented and analyzed using drift flux model.
The mode] shows that fluid flows in all experiments have a center-peaked radial gas hold-
up profile, which means air travel faster than water in the column. The parameter values

obtained from the analysis have good agreement with the previous works.



CHAPTER §

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Application of 'ejector-induced cocurrent upflow bubble column is predicted to give
advantageous features such as the ability to provide intimate mixing between gas phase
and liquid phase, and lower power consumption as suction fluid is entrained into the
system without the need of prime movers. These advantages of ejectors integrated with
bubble columns make them potential candidates to replace conventional devices and be
used in many chemical applications such as for carbon dioxide absorption from natural
gas, desorption and scrubbing, gas-liquid reactions, aerobic fermentation, waste water

treatment eic.

In the present work, the effect of nozzle geometry on hydrodynamic parameters such as
gas entrainment rate, pressure drop, energy dissipation and gas hold-up have been studied
for water-air system. It is observed from the experiment that the flow rate of water, as the
motive fluid, and the nozzle types and sizes are important factors in detenﬁi’ning the
vacuum leve] developed in the suction chamber. An oppertunity to develop high vacuum
allows more air, as the suction fluid, to be entrained into the suction chamber. As more air
entrained into the suction chamber and dispersed into the water, the gas hold-up and
energy dissipation in the ejector increases. This energy dissipation indicates the amount

of energy loss to create intense dispersion between air and water.

Experimental observations show that for the same nozzle type, nozzle with 6 mm in
diameter develops higher vacuum and therefore entrains more air into the suction
chamber compared nozzles with 8 mm and 10 mm in diameter. This also means that
nozzles with smaller nozzle diameter have higher gas hold-up and dissipates greater
amount of energy to create an intense contact between air and water. In terms of nozzle
type, orifice nozzles present higher vacuum level than convergent nozzles for the same
nozzle diameter. Pressure drop in the ejector within the studied range of water flow rate
ranges from 27777 — 55080 Pa, while pressure drop in the total system ranges from 11537
— 40477 Pa. The two-phase friction factor in the total system is found to extend within



77

range 0.07 — 38.14 which is found to be lower than work carried out by Radhakrishnan
and Mitra (1984). Furthermore, energy dissipation in the ¢jector have also been calculated
using the pressure drop information. The values range from 16.2 — 118.9 W which is
found to be higher than results obtained by Zahradnik et al. (1997). Measurement on gas
hold-up shows agreeable results to the previous works and gives values in range of 0.28 —

(0.37.

An attempt to analyze experimental data using fundamental principles of fluid mechanics
has been successfully performed. Applicatioh of Bernoulli principle for water flow
through nozzle is also performed with the introduction of coefficient of discharge, C,, to
represent the frictional losses across the nozzle. The values of coefficient of discharge for
convergent and orifice nozzles in this present work agree with the theoretical values of
coefficient of discharge for well-designed venturi and orifice shape, respectively.
Moreover, a mathematical correlation to predict air entrainment rate have been presented.
The correlation is a function of several operating conditions (P, Q; and 7) and the
dimension of ejector parts (D, and D,). Predicted values calculated using Bernoulli
principle show good agreement with experimental data. Furthermore, gas hold-up data
has also been analyzed using drift-flux model. It is found from the analysis that the
distnbution parameter, C,, ranges from 1.16 — 1.61 which proves that the radial gas hold-
up distribution in the system is center peaked. The drift velocity, vp, found from the
analysis 1s in range of 0.04 — 0.26 which agrees well with the previous works. However,
the presence of nozzle has very little effect to the distribution parameter and drift velocity

in the ejector-induced bubble column,

5.2 Recommendations

Based on this work, some recommendations as future works that may provide further
insight into the development and application of ejector-induced cocurrent upflow bubble
column as a good gas-liquid contactor are made. It is recommended that ejector-induced
cocurrent upflow bubble column to be designed compactly. A compact design of ejector-
induced cocurrent upflow bubble column can be done by reducing the height of bubble
column section, since efficient dispersion between gas and liquid phase happens very

intensely only in the ejector section. Calculation of interfacial area and mass transfer
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coefficient should be conducted to give more understandable knowledge of the equipment
characteristics. It is also suggested that experiments using CQ;-CQO; absorbents (physical
and chemical solvents) to be carried out to study the absorption performance of the
equipment. Moreover, experiments using more nozzle types with different sizes are
recommended for further understanding on the effect of nozzie geometry on the

hydrodynamic characteristics of the column.
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APPENDIX A

PHYSICAL PROPERTIES AND CONSTANTS

Table A.1 Physical properties and constants used in calculations

Properties and Constants Symbol Unit ~Value
gravitational acceleration g m/s” 2.8
molecular weight of air MW, kg/kmol 29
molecular weight of water MW, kg/kmo! 18
atmospheric pressure Py Pa 101325
ideal gas constant R m’ Pa/molK 8314
viscosity of water (25°C, 1 atm) Hiw Pa.s ' 8.5x 10"

density of water (25°C, 1 atm) £r kg/m’ 997




APPENDIX B

EXPERIMENTAL DATA

B.1 Optimization of Nozzle Position
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Figure B.2 Optimization of nozzle position for orifice nozzles
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B.2 Pressure Measurement
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 B.3 Pressure Drop across Nozzle
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Table B.3. Nozzle pressure drop calculation for various nozzles

NCe6
PI-04 = PI-06 =
P, Py Expr. AP, =P,- P, | (p0:/D)*1-D/DY) | CF | (pQ7/D)*I-D, /D))
Pa Pa Pa Pa Pa
586000 83120 502880 643749 1.00 643749
679000 79007 599993 766114 1.60 766114
8050600 74423 730577 899120 1.00 899463
948000 71423 876577 1042766 0.98 1062926
1060000 65477 994523 1197053 0.96 1241899
NCS
PI-04= | PI-06=
P, P, Bxpr. AP, = P;- Py | (g0 /D9 *(1-D.YDY) | €7 | (0 /D) (DD
Pa Pa Pa Pa Pa
403000 84483 218517 423336 1.00 423336
539000 80887 458113 535785 0.98 545310
659000 76013 582987 661463 0.94 702480
792000 71497 720503 800370 0.91 884052
915000 66047 848953 952506 0.87 1091254
NC10
PI-04= | PI-06=
P, P, Expr. AP, = Py P, | (p,Q//D,)*(1-D,/DY | & | (mQ7/D,*1-D,' /D)
Pa Pa Pa Pa Pa
262000 89553 172447 211147 0.98 215214
311000 87203 223797 260675 0.93 280173
385000 84193 300807 315417 0.89 356118
437000 80717 356283 375372 0.85 443775
521000 77417 443583 440541 0.81 543867
617000 75243 541757 510923 0.78 637120
687000 68573 618427 586519 .75 784259
NO6
PI-04 = PI-06 =
Py Py Expr. AP, =P, P, | (pQ /D H*1-D,/DY) | ¢ | (00D, *1-D, D7)
Pa Pa Pa Pa Pa
510000 R9320 420680 260692 0.50 526297
675000 83957 591043 340495 0.48 705279
810000 78443 731557 430939 0.47 913308
1004000 73497 930503 532024 0.46 1151148
1135000 71357 1063643 597782 0.46 1308460
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NOS
PI-04= | PI-06= _
Py P, Expr. 4P, = P;- P, | (@I /DAO)XI-DYDY | CF | (007 /D)*1-D, /D7)
Pa Pa- Pa Pa Pa
418000 | 82863 335137 238127 0.47 506629
573000 | 78993 494007 279468 0.46 602466
650000 | 73847 576153 324117 0.46 707342
722000 | 72455 649545 372073 0.45 §21383
833000 | 67050 765950 423336 0.45 944706
952000 | 64753 887247 477907 0.44 1077424
1026000 | 61163 964837 535785 0.44 1219645
B.4 Air Pressure Drop across Air Inlet Line
Table B.4. Air pressure drop calculation for various nozzles
NC6 NO6
PI-06 = PI-06 =
Oc P, In(Py/P) | MW,07/RTD, Oc P, In (Ps/P) | MW,.OFS/RTDS?
m'/s Pa - - m’/s Pa - -
0.00130 | 83120 0.198 0.39 0.00100 | 89320 0.126 0.23
0.00142 | 79007 0.249 0.47 0.00117 | 83957 0.188 0.32
0.00155 | 74423 0.309 0.56 0.00142 | 78443 0.256 0.47
0.00167 | 71423 0.350 0.64 0.00155 | 73497 0.321 0.56
0.00177 | 65477 0.437 0.72 0.00164 | 71357 0.351 0.62
NC8 NOS
PI-06 = PI-06 =
Og P, In(Py/P) | MW,07/RT.D, Qg P, In(P/P) | MW, 07/RTD,
m/s Pa - - m’/s Pa - -
0.00125 | 84483 0.182 0.36 0.00117 | 82863 0.201 0.32
0.00142 | 80887 0.225 0.47 0.00125 | 78993 0.249 0.36
0.00154 | 76013 0.287 0.55 0.00134 | 73847 0.316 0.41
0.00167 | 71497 0.349 0.64 0.00150 | 72455 0.335 0.52
0.00175 | 66047 0.428 0.71 0.00159 | 67050 0.413 0.58
0.00167 | 64753 0.448 0.64
NC10 0.00175 | 61163 0.505 0.71
PI-06 =
[ P, In(P/P) | MW, Q7/RTD,
m'fs Pa - -
0.00100 | 89553 0.123 0.23
0.00114 | 87203 0.150 0.30
0.00129 | 84193 0.185 0.38
0.00142 | 80717 0.227 0.47
0.00154 | 77417 0.269 0.55
0.00167 | 75243 0.298 0.64
0.00192 | 68573 0.390 0.85




B.5 Pressure Recovery in the Ejector

Table B.5. Calculation of pressure recovery in the ejector for various nozzles

NC6
PI-06 = ; PI-09= Expr. Cale. Calc. Cale.
Ps Py (Pe-P | Pr=p.ghs | Pa=Py+ P, | P;(Eq.4.8) (Pg-Py)
Pa Pa Pa Pa Pa Pa Pa
83120 117900 34780 23645 124970 63667 61302
79007 117013 38007 23645 124970 57381 67589
74423 116747 42323 23645 124970 75183 49787
71423 116640 45217 23645 124970 85551 39419
65477 116167 50690 23645 124970 52333 72637
NCS8 .
PI-06 = PI-09 = Expr. Calc. Calc. Calc.
Py Py (Pi-P) | Po=pighy | Pa=P,+ P | P;(Eq 4.8) (Pa-P)
Pa Pa Pa Pa Pa Pa Pa
84483 118257 33773 23645 124970 59508 65461
80887 117767 36880 23645 124970 96540 28430
76013 117385 41372 23645 124970 89014 35956
71497 116673 45177 23645 124970 74688 50282
66047 115680 49633 23645 124970 29565 95405
NC10
PI-06= | PI-09= Expr. Cale. Calc. Cale. (Py -
Py Py Fa-P) | Pr=pghy | Py=Py+ P | P(Eq48) P
Pa Pa Pa Pa Pa Pa Pa
89553 119513 29960 23645 124970 87377 37593
87203 118977 31773 23645 124970 83670 41300
84193 118577 34383 23645 124970 96048 28921
80717 118077 37360 23645 124970 76924 48045
77417 117463 40047 23645 124970 79710 45259
75243 117113 41870 23645 124970 83818 41151
68573 116037 47463 23645 124970 50659 74311
NO6
PI-06 = PI-09 = Expr. Calc. Calc. Calc.
B Py (Pa-P) | Po=prghs | Py=Ps+ Py | P;(Eq 4.8) (Ps- Py
Pa Pa Pa Pa Pa Pa Pa
89320 117097 27777 23645 124970 82966 42003
83957 116500 32543 23645 124970 102743 22227
78443 116127 37683 23645 124970 68950 56020
73497 115963 42467 23645 124970 69967 55002
71357 115927 44570 23645 124970 73326 51644
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NOS8
PI-06= | PI-09= Expr. Calc. Calc. Calc.
2, Py (Py-P) | Po=prghy, | Pas=P4+ Py P, (Eq. 4.8) (Py-P)
Pa Pa Pa Pa Pa Pa Pa
82863 117127 34263 23645 124970 6925 118045
78993 117080 38087 23645 124970 84164 40806
73847 116820 42973 23645 124970 76068 48902
72455 116752 44257 23645 124970 55537 69433
67050 116547 49497 23645 124970 66473 58497
64753 116277 51523 23645 124970 77787 47183
61163 116243 55080 236435 124970 36390 88580
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B.6 Calculation of Friction Factor

Table B.6. Calculation of friction factor for convergent nozzles

99

NCo
273 Os [ Ve Va Re; . Reg . My o (F+gm) | P+ R +b.) | AP0 8IZ |8Prlp, gdZ| [
m’/s /s m's m5 (ka/s) (ke/s)
0.00092 0.00130 1.42 0.20 0.29 17953 1372 0.916 0.0015 2.42 0.41 0.626 0.513 .32
0.00100 0.00142 1.42 0,22 0,351 19585 1495 0.999 0.0016 2.42 0.4] 0.768 0.853 13.01
0.00109 0.00155 1.43 0.24 0.34 21217 1636 1.082 0.0018 2.43 041 0.932 1.263 16.42
0.0G6117 0.00167 i.43 026 0.37 22849 1759 1.165 0.0019 2.43 041 1.037 1517 17.00
0.00125 0.00177 1.41 0.28 0.39 24481 1865 1.249 0.0021 2.41 0.42 1.242 1.996 19.48
NC3
o, Qs [ vy Vi Rey . Reys, n L (7 +gm) | (1+R )1+, ) | AP p/p, 242 | AP0, 242 f,
m’/s m'ls m/s m's (kg/s) (kp/s)
0.00134 0.00125 0.94 0.29 0.28 26113 1319 1.33 0.0015 1.94 0.52 0.585 0.132 1.13
0.60150 0.00142 0.94 0.33 0.21 29377 1495 1.50 0.0016 1.94 0.51 0.711 0.382 2.59
0.00187 0.00154 0.92 0.37 0.34 32641 1618 1.66 0.0018 1.92 0.52 0.888 0.704 3.86
0.00184 0.00167 0.91 0.41 0.37 35905 1759 1.83 0.0019 1.91 0.52 1.042 0.987 4.48
0.00200 0.00175 0.88 0.44 0.39 319169 1847 2.00 0.0020 1.88 0.53 1.232 1.309 4.99
NC10
G, Co [ v, Vg Re, . Reg "y Mg (] +dwm) | (1 +R, )M +d,) | AP /o, .42 | AP p/p, 242
m'/s m'/s mfs m's (kg/s) {kg/s)
0.00184 0.00129 0.70 0.41 0.28 35905 1354 1.83 0.0015 1.70 0.59 0.398 0.016 0.07
0.00200 0.00142 0.71 0.44 0.31 310169 1495 2.00 0.0016 1.71 0.59 0.723 0.215 (.89
0.00217 0.00154 0.71 0.43 0.34 42433 1618 2.16 0.0018 1.71 0.59 0.836 0.427 1.39
0.00234 0.00167 0.71 0.52 Q.37 45697 1759 2.33 0.0019 1.71 0.58 0.913 0.564 1.58
0.00251 0.00192 0.77 0.55 0.42 48961 2023 2.50 0.0022 1.77 0.57 1.148 1.027 2.51
Table B.7. Calculation of friction factor for orifice nozzles
NOG6
Q, [ [ v, Vg Re, . Re. . iy g {1 kgm) | (1 + R, +P,) | 4P p/p, g dZ | aPpip, 242 .
m’s m'/s mis m's (kg/s) (ke/s)
0.00058 0.00100 1.71 0.13 0.22 11424 1055 0.583 0.001 2.71 0.37 0.400 0.084 378
0.00067 0.00117 1.75 .15 .26 13056 1231 0.666 0.001 2.75 Q.35 0.587 0.614 21.05
0.00075 0.00142 1.89 017 0.31 14688 1495 0.749 0.002 2.89 0.35 0.781 1.253 33.98
0.00084 0.00155 1.86 0.18 0.34 16320 1626 0.832 0.002 2.86 0.35 0.958 1.737 38.14
0.00089 0.00164 1.85 0.20 0.36 17300 1724 0.882 0.002 2.85 0.35 1.031 1.935 37.82
NO8
o, [o - v, Ve Re, . Res . m g {5+ | (2 +R I +),) | AP /0, 2 dZ | AP /o, 242
m's m/s m's s (ke/s) {ke/s)
0.00100 0.00117 1.17 0.22 0.26 19585 1231 0.999 8.0014 217 0.46 0.637 0.378 5.77
0.00]109 0.00125 1.15 0.24 0.28 21217 1319 1.082 0.0013 2.15 0.46 0.774 0.665 £.64
2.00117 0.00134 1.14 026 0,28 22849 1407 1165 0.0015 2.14 Q.47 0.953 1.040 11.65
0.00125 0.00150 1.20 0.28 0.33 24481 1583 1249 0.0017 2.20 0.46 1.004 1.207 11.78
0.00134 0.00159 1.19 0.29 0.35 26113 1671 1.332 0.0018 2.19 C.46 1.195 1.612 13.83
0.00142 0.00167 1.i8 0.31 037 27745 1759 14135 0.6019 2.18 0.46 1.277 1.777 13.50
0.00150 0.00175 1.17 0.33 0.39 29377 1847 1.498 0.0020 217 0.46 1.404 2.041 13.84




B.8 Energy Dissipation in the Ejector

Table B.9. Calculation of energy dissipation in the ejector for various nozzles

101

NCo6
PI-06= | PI-09=
o, Qs & D6 4 O s O ¢ Py Py PiQua | PoOus Ep .
m’/s m’/s m’/s Pa Pa W W W
0.00092 { 0.00130 | 0.00092 | 0.00222 | 0.00184 83120 117900 216.56 184.62 31.95
0.00100 | 0.00142 | 0.00096 | 0.00242 | 0.00196 79007 117013 229.40 191.31 38.08
0.00109 | 0.00155 0.00099 | 06.00264 | 0.00208 74423 116747 242.32 196.37 45,94
0.00117 1 0.00167 | 0.00102 | 0.00284 | (.00219 71423 116640 255.63 202.77 52.86
0.00125 | 0.00177 | 0.00100 | 0.00302 | 0.00225 65477 116167 261.41 197.92 63.49
NC8
PI-06= | PI-09=
o, Oc s Qs o [T Ohi d Py Ps PaOwud | PoQus Ep.
m/s m*/s /s Pa Pa W W W
0.00134 | 0.00125 0.00089 | 0.00259 | 0.00223 84483 118257 263.81 218.69 4512
0.00150 0.00142 | 0.00097 | 0.00292 | 0.00248 80887 117767 291.82 236.39 55.43
0.00167 0.00154 | 0.00099 | 0.00321 0.00266 76013 117385 312.82 24373 69.09
0.00184 | 0.00167 | 0.00102 | 0.00351 0.00286 71497 116673 333.73 250.74 82.99
(0.00200 | 000175 0.00100 | 0.00376 | 0.00301 66047 115680 347.64 248.17 99.47
NC10
PI-06 = PI-09 =
or O 5 O, 4 Out s O Py Py LaOwma | PiOus Ep.
m’/s m’/s /s Pa Pa W W W
0.00150 | 0.00100 | 0.00075 0.00251 0.00225 89553 119513 209.36 224.33 45.03
0.00167 0.00114 0.00083 0.00281 0.00250 87203 118977 297.72 244.66 53.06
0.00184 | 0.00129 | 0.00091 0.00312 | 0.00275 84193 118577 326.09 262.93 63.16
0.00200 | 0.00142 0.00097 | 0.00342 | 0.00297 80717 118077 351.20 276.33 74.87
0.00217 | 0.00154 | 0.00101 0.00371 0.00318 77417 117463 373.96 287.01 86.94
0.00234 | 0.00167 | 0.00107 | 0.00401 0.00341 75243 117113 399 47 301.58 97.89
0.00251 70.00192 0.00113 | 0.00443 0.00364 68573 116037 422.37 303.47 118.90
NO6
PI-0a = PI-09 =
O O s Qc, 4 O s O e Py Py PeOwmag | PoOus Ep.
m’/s m’/s m’/s Pa Pa W W W
0.00058 0.00100 | 0.00076 | 0.00159 | 6.00135 89320 117097 157.94 141.71 16.24
0.00067 | 000117 | 0.00084 | 0.00184 | 0.00151 83957 116500 175.97 154.23 21.74
0.00075 0.00142 | 0.00096 | 0.00217 | 0.00171 78443 116127 198.62 170.30 28.32
0.60084 | 0.00155 (.00098 0.00239 | 0.00182 73497 115963 210.98 175.52 35.46
0.00089 | G.00164 | 0.00101 0.00252 | 0.00189 71357 115927 219.39 179.94 | 3945
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NOS8
_ PI-06= | PI-09=
O Q6 s Q6 4 Ou.s Ou 4 P, Py PoOwa | PoOus Epe
m’/s m’/s m’/s Pa Pa W W \
0.00109 | 0.00125 | 0.00085 | 0.00234 | 0.00193 78693 117080 226.03 184.69 41.34
0.00117 | 000134 | 0.00084 | 0.00251 | 0.00201 73847 116820 23522 184.99 50.24
0.00125 0.00150 | 0.00093 | 0.00276 | 0.00219 72455 116752 255.13 199.65 55.48
0.00134 | 0.00159 | 0.00091 0.00292 | 0.00225 67050 116547 262.08 195.95 66.13
0.00142 | 0.00167 | 0.00093 | 0.00309 | 0.00235 64753 116277 273.19 200.06 73.14
0.00150 | 0.00175 | 0.06092 | 0.00326 | 0.00242 61163 116243 281.96 199.18 82.79
B.9 Gas Hold-up Measurement and Calculation
Table B.10. Calculation of gas hold-up in the ejector for various nozzles
NCé
A/A: 1878 T 298 K
O Oc O VL Yur Fr Ve e g=1-g& | U= vees
m®/s m'/s m’/s m/s /s mlL mL - - m/s
0.00092 | 0.00130 | 0.00222 | 0.20 | 0.29 | 0.49 | 14400 4950 0.34 0.66 0.84
0.00100 | 0.00142 | 0.00242 ; 0.22 | 0.31 | 0.53 | 14400 5050 0.35 0.65 (.89
0.00169 | 0.00155 0.00264 + 0.24 | 0.34 | 0.58 | 14400 5175 0.36 0.64 0.95
0.00117 | 0.00167 | 0.00284 | 0.26 | 0.37 | 0.63 | 14400 5300 0.37 0.63 1.00
0.00125 0.00177 | 0.00302 | 0.28 | 0.39 | 0.67 | 14400 5350 0.37 0.63 1.05
NC8
A/ 1056 T 208K
O Qs Oy v Vi Vi Vo & g=1-8 | ug=vges
m’/s m’/s m’/s m/s m/s mb mL - - m/s
0.00134 | 0.00125 0.00209 : 0.29 [ 0.28 | 0.46 | 14400 4675 0.32 0.68 0.85
0.00150 | 0.00142 | 0.00235 | 0.33 | 0.31 | 0.52 | 14400 4725 0.33 0.67 0.95
0.00167 | 0.00154 | 0.00259 | 0.37 | 0.34 { 0.57 | 14400 4775 0.33 0.67 1.02
0.00184 | 0.00167 | 0.00284 ; 041 | 0.37 | 0.63 | 14400 4875 0.34 0.66 1.09
0.00200 § 0.00175 0.00305 | 044 | 0.39 | 0.67 | 14400 4925 0.34 0.66 1.13
NC10
A/A, 6.76 T 298 K
(]2 Os Qs Vi Vid Vr Ve el g=1-& Ug = Voleg
m’/s m’/s m/s m/s m/s mL mL - - m/s
0.00150 | 0.00100 | 0.00251 | 0.33 | 0.22 [ 0.55 | 14400 4138 0.29 0.71 077
0.00167 | 0.00114 | 0.00281 | 0.37 | 0.25 [ 0.62 | 14400 4213 0.29 0.71 0.86
0.00184 | 0.00129 | 0.00312 | 0.41 | 0.28 | 0.69 | 14400 4225 0.29 0.71 0.97
0.00200 | 0.00142 | 0.00342 1 044 | 0.31 | 0.76 | 14400 4275 0.30 0.70 1.05
0.00217 | 0.00154 | 0.00371 | 048 | 0.34 | 0.82 | 14400 4290 0.30 0.70 1.14
0.00234 | 0.00167 | 0.00401 | 0.52 1 0.37 | 0.88 | 14400 4350 0.30 0.70 1.22
0.00251 0.00192 | 0.00443 | 0.55 | 0.42 | 0.98 | 14400 4400 0.31 0.69 1.39
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NO6
A/4,. 18,78 T-208K
O Og Oy Vi Vo | Vi Vr Ve £g g=1-g | uc=vgleg
m'/s m/s m>/s m/s | m/s | m/s mL mL - - m/s
0.00058 0.00100 0.00159 | 0.13 | 0.22 | 0.35 14400 4725 0.33 0.67 0.67
0.00067 0.00117 0.00184 | 0.15 | 0.26 | 0.41 14400 4863 0.34 0.66 0.76
0.00075 0.00142 0.00217 | 0.17 | 0.31 | 0.48 14400 4925 0.34 0.66 0.92
0.00084 0.00155 0.00239 | 0.18 | 0.34 | 0.53 14400 5150 0.36 0.64 0.96
0.00089 0.00164 0.00252 | 0.20 | 0.36 | 0.56 14400 5200 0.36 0.64 1.00
NO$8
A/A4,:10.56 T 298K
O Qg O VL Vo | Vi Vr Ve £ a=1-& | uc=veles
/s m’/s m’/s mis | m/s | m/s mL mL - - m/s
0.00100 0.00117 0.00217 } 0.22 | 0.26 | 0.48 14400 4400 0.31 0.69 0.84
0.00109 0.00125 0.00234 | 0.24 | 0.28 | 0.52 14400 4538 0.32 0.68 0.88
0.00117 0.00134 0.00251 | 026 | 0.29 | 0.55 14400 4738 0.33 0.67 0.90
0.00125 0.00150 0.00276 | 0,28 | 0.33 | 0.61 14400 4850 0.34 0.66 0.98
0.00134 0.00159 0.00292 | 029 | 0.35 | 0.64 14400 4925 0.34 (.66 1.02
0.00142 0.00167 0.00309 | 031 [ 037 | 0.68 14400 4960 0.34 0.66 1.07
0.00150 0.00175 0.00326 | 033 | 039 | 0.72 14400 5000 0.35 0.65 1.11




