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ABSTRACT

By achieving simulation of hydrodynamics in a bubble column reactor,
have taken an important step towards designing an efficient slurry reactor for
large-scale conversion of synthesis gas to liquid hydrocarbons. The simulation
allows determining gas holdup, a key variable affecting the reaction rate of gas-
to-liquid (GTL) conversion using Fischer-Tropsch (FT) chemistry. This
information is important because there is the potential for the wide application
of FT for conversion of refinery residues, an ever-increasing problem on a
worldwide basis. A slurry reactor offers one such method, but detailed
knowledge of the hydrodynamics of commercial-size reactors is required.
Validated two-dimensional computational fluid dynamicé modeling allows
simulating a commercial reactor.

This work have two parts, the first part experimental work with bubble
column with specific conditions and the second deals with computational fluid
dynamics CFD for bubble column have the same geometry and operating
conditions.

The experiments of bubble column of (0.081m diameter and 1.03m
height) were carried out with air-water, COj,-water, and Air-NaCl SiX
concentrations of NaCI solutions from 0.24 M to 0.8 M.

This study is to clarify experimentally the effect of superficial gas
velocity on the gas holdup, and the mass transfer coefficient (k;a) where each of
them increases as the superficial gas velocity increase. NaCl addition will
increase the transition velocity, and the gas holdup for certain concentration and
superficial gas velocity

Three-D simulation was applied in this work. Gas holdup computational
results using Ansys CFX used on Eulerian-Eulerian multiphase model have
been compared to experimental data. These results for air-water system were

encouraging.
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NOMENCLATURE

Pipe cross sectional area

Specific gas-liquid interfacial area based on aerated

volume

Initial concentration of oxygen

Saturated concentration of oxygen
Concentration of dissolved oxygen
Distribution parameter

Drag coefficient

Diameter of column

molecular diffusivity of solute in liquid phase
Individual bubble diameter

Sauter mean bubble diameter

Interphase momentum exchange coefficient
Drag function

External body force

Lift force

Virtual mass transfer force

Gravitational acceleration

Dispersion height

Initial height

Normalized height of measurement location
Inner diameter

Jump condition

Drift flux

Individual mass transfer coefficient

Volumetric mass transfer coefficient

v

ppm
ppm
ppm



K Thermal conductivity of liquid phase
m Mass transfer from one phase to the other
0 Phase volumetric flow rate
t Time
T; Time required for coalescence
u Superficial fluid phase velocity
U Slip velocity
g Interstitial gas phase velocity
UGe Critical Superficial gas velocity
Upoo Terminal single bubble rise velocity
Vv Phase volume
Greek Letters
p Phase density
Interfacial tension
v Kinematic viscosity
e Phase holdup
T Phase stress-strain tensor
A Phase capillary coefficient
U Dynamic viscosity
Uefy Effective viscosity
Ly Viscosity of water
Subscripts
G Gas phase
L Liquid phase
0 Initial
[ Final

J/im.s.K
Kgfs

m’/s

m.s
m.s

m.s

m.s

m.s

kg/m®
N/m

m/s
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CHAPTER ONE

INTRODUCTION

1.1 Bubble columns

Bubble columns or airlifts are widely used in the chemical industry
where heterogeneous gas-liquid or gas-solid reactions take place, particularly,
in which the liquid film controls mass transfer processes due to the relative
insolubility of gases [Vazquez et al., 2000, Lye and Stuckey, 2001]. Important
applications of bubble columns include oxidation, hydrogenation, ozonolysis,
alkylation, column flotation, wastewater treatment, etc. [Yang et al., 2001,

Wu et al., 2002].

The design parameters for bubble columns are: gas-liquid specific
interfacial area, a, individual mass transfer coefficient, k;, flow regime,
bubble size distribution, and coalescence of bubbles. Most studies on bubble
columns were devoted to the experimental determination of some of these
parameters, and more specifically, of the volumetric mass transfer coefficient,
ki, which depends fundamentally on the superficial gas velocity and on the
physical properties of the absorption phase. Numerous correlations have been
proposed for the superficial velocity of the gas as well as for the viscosity of

the liquid phase [Joshi, 2001, Mitsuharu et al., 2001].

Facile construction and low costs make bubble columns highly attractive
gas-liquid contactors. Fractional gas hold-up &g is an important parameter in

the design and scale-up of bubble column reactors. It can be defined as the



percentage by the volume of the gas in the two or three phase mixture in the
column.

Bubble column has two fold applications. One hand, gas holdup in two
phase systems gives the volume fraction of the phase present in the reactor
and hence their residence time. On the other hand, the gas holdup in
conjunction with the knowledge of mean bubble diameter allows the
determination of interfacial area and thus leads to the mass transfer rates

between gas and liquid phase.

Gas holdup depends mainly on the superficial gas velocity, and often is
very sensitive to the physical properties of the liquid [Shah, 1982] .The
spatial variation of &g, gives rise to pressure variation and eventually results in
intense liquid phase motion. These secondary motions govern the rate of

mixing, heat transfer and mass transfer.

Fortunately, the radial distribution of ¢; can be estimated through the
knowledge of the eg-ug relationship. It has several direct and indirect
influences on the column performance. The direct and obvious effect is on the
column volume. This is because the fraction of the volume is occupied by the
gas and the respective phase volume becomes important depending upon the
phase in which the rate controlling step takes place. The indirect influences

are far reaching.

The spatial variations of eg, gives rise to pressure variation and

eventually which can be conveniently established experimentally.



1.2 Advantages of Bubble Columns

The main advantages of bubble columns compared to other multiphase

contactors are

l.

A G T i

Less maintenance due to absence of moving parts.

Higher values of overall mass transfer coefficient can be obtained.

Less floor space is occupied and bubble column reactors are less costly.
Slow reactions can carried out due to high liquid residence time.

Solids can be handled without any erosion or plugging problems.

Higher heat transfer rates per unit volume of reactors can be achieved

[Shah, 1982].

1.3 Types of Bubble Columns

There are many types of bubble column reactors as following (all types

are shown in figure (1.1)).

a.

Bubble column of single stage: the simplest type of bubble columns
reactor with absence of moving parts. These types are particularly
recommended for aerobic fermentation process. This type of bubble
column was used in this study with no liquid flow. [Schurgerl, 1980]
Bubble column of multistage: this type of bubble column does not
suffer from limitation, e.g. high energy dissipation.

Bubble column of multi channels: used to reduce back mixing and
prevent unstable flow condition.

Bubble column with loop reactor: this type show a direct well defined
circulation flow. Loop reactors can be classified, according to the

design, into types with internal and external reactors.



e. Bubble column with jet reactor:

f. Three phase fluidized bed reactor: High pressure operations are
common in industrial applications like resid hydrotreating, Fischer-
Tropsch  synthesis, coal methanation, methanol synthesis,
polymerization and other reactions [Fan, 1989]

g. Slurry reactor: this type is used as chemical reactor for various
processes in industrial practice.

h. Bubble column with static mixers: improved re-dispersion of the gas.

i. Down flow bubble column: this type is recommended when complete
gas phase conversion and hence long bubble residence time is required

[Deckwer, 1986]

1.4 The Aim of the Work

Construct of experimental apparatus and perform the following

experiments:
1. Measuring Gas holdup for different conditions.

a) (dir-water) system.

b) (Air- NaCl solution) system with six different concentration of NaCl.

¢) (CO2-water) system.
2. Measuring the mass transfer coefficient with air-water system.
3. Using simulation of bubble column by CFD code for measuring gas holdup

and hydrodynamic of bubble column.
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CHAPTER TWO

LITERATURE SURVEY
2.1 Gas holdup

Gas holdup is one of the most important parameter that characterizing
the hydrodynamics of bubble columns. It can be defined as the percentage by

volume of the gas in the two or three phase mixture in the column.

Many authors studied the gas holdup and the parameters that have effect
on it; one of them were Youshida and Akita (1965) who studied the effect of

the following parameters on gas holdup:

1. Gas rate: gas holdup increased as the superficial gas velocity increased.

2. Nozzle Diameter: gas holdup is not affected by nozzle diameter.

3. Temperature: gas holdup is not affected by the temperature.

4. Liquid height: gas holdup is particularly independent of the liquid
height.

5. Viscosity: gas holdup varies with liquid viscosity in an irregular

manner.

Akita and Youshida (1973) also had presented data for column diameter
range (0.152-0.6) m for various systems. It was found that the gas holdup
varies with the density and viscosity of liquid, surface tension, and superficial

gas velocity.



Kumar et al. (1976) found that the gas velocity in bubble column showed
a remarkable effect on the gas holdup. Holdup data (¢ <0.35) where in good
agreement with those observed for columns of diameter 5.1x107 or larger

when orifice sparger type distributor were used.

Batch and Pilhofer (1978) suggested that at high gas throughputs, the gas
holdup mainly depends on the gas flow rate and on the physical properties of

liquid and it is independent of column diameter for diameter of over 0.150 m.

Marruyam et al. (1981) found that at ug < ug. (where ugc is the critical
velocity and it was defined as the superficial gas velocity at the point incipient
regular circulation and was obtained from gas velocity at maximum gas
holdup), where the values of gas holdup calculated by static pressure

difference agreed well with those from an increase in liquid level.

Shah et al. (1983) carried out experimental studies for two different
diameter column using cocurrent and batch systems. Five aliphatic alcohols
were investigated with different concentrations. The gas hold up was
measured using hydrostatic head technique and it was found that the gas
holdup increases with increasing in gas velocity, strongly influenced by the

type of alcohol, and not affected by alcohol concentration significantly.

Uchida and Tsuyutani et al. (1989) presented gas holdup correlation as a
function of operating variables such as liquid and gas superficial velocity,
liquid slip velocity, and liquid properties by using (air-glycerolsolution) and

(air-water) system. The gas holdup increased sharply with increasing liquid



velocity. However when liquid velocity exceeds a certain value, gas holdup

began to decrease.

Philipet al. (1990) determined gas holdup for highly viscous liquids, for
highly viscous Newtonian liquids, the gas holdup in slug flow regime (at a
given gas flow rate) increases with an increase in liquid viscosity, this is
because the absolute velocity of slugs decrease as the viscosity increase due to

(1) lower liquid circulation rate and (i1) Lower single slug rising velocity.

Thorat et al. (1998) studied the effect of sparger design and dispersion
height on ¢5, gas holdup was investigated in a 0.385 m id bubble column.
Perforated plates were used as spager. The height of the diameter ratio (4,/d)
was in the range of 1-8. In all cases in order to investigate the combined effect
of sparger design and (4,/d) ratio together with the coalescing nature of the
liquid phase, three liquid systems were considered, namely, water, an aqueous
solution of electrolyte and aqueous solution of carbixymethyl cellulose
(CMC). With an increase in the height to diameter (4/d) ratio, &g was found to
decrease when multipoint spargers (with hole diameter <3x10™ m) were used.
In contrast, for single point spargers, &; was found to increase. However, in
both the cases, a limiting (/,/d) ratio was observed beyond which the values of

&g remain practically constant.

The above observations were found to hold for three gas-liquids systems:
(1) air-water (ii) relatively less coalescing system air-aqueous solution of
electrolyte and (iii) relatively more coalescing system air-aqueous solution of
carboxymethyl cellulose (CMC). The limiting value of the (4,/d) ratio (beyond
which ¢ 1s independent of (%i/d) was found to be in the range of 4-5 for the



air-water system, greater than 8 for the air-electrolyte system and 3 for the air-

aqueous CMC system.

Veera and Joshi (2000) used 0.385 m [.D bubble column to investigate
the variation of gas holdup using gamma ray tomography. Radial profiles
were measured at three axial locations (4/d =0.259, 3, and 5). Two types of
liquid phase were selected; one was coalescence inhibiting (aqueous solution
of butanol) and the other coalescence promoting (aqueous solution of
carboxyl methyl cellulose).perforated plates were used as spargers. The gas
holdup profiles was found to dependent strongly on the sparger design for an
air alcohol solution up to axial location of height to diameter ratio (4/d) of 3.
Whereas for air- water system and CMC solutions, the dependence on (4/d)
ratio was progressively less. Further the height of the dispersion was found to

influence the holdup profiles near the sparger.

Bohn, 2000 used 3D simulation of bubble column, gas holdup was
calculated by plotting the distribution of gas volume fraction vs. column
height. The plot showed a point where the concentration of gas increased
rapidly which is the gas-liquid interface. The next step was to compare the
height of the liquid-gas interface to the original height of the liquid-gas
interface. The expansion, or the amount of the liquid-gas interface rose,
showed how much gas holdup in the reactor, from which the gas holdup is

easily calculated.

Spica et al. (2001) used a commercial CFD code to simulate a two phase

flow in bubble column both with a stagnant and flowing liquid phase.



Different sets of gas and liquid velocity were applied as inlet boundary
conditions, obtaining the local gas volume fraction as well as liquid velocity

profile for an air-water system was studied.

Mouza et al. (2004) presents (by a plot of ug vs. &) the effect of
superficial velocity with respect to the column cross section on the overall gas
holdup in bubble column reactor using CFD simulation. A comparison
between the experimental data [Mouza et al. (2004)] with the simulation of
CFD code that calculates satisfactorily the gas holdup at homogenous regime

also was made.

Dhotr et al. (2004) studied the effect of sparger design and the column
height to the diameter ratio on radial gas holdup profiles for three different
gas-liquid systems: air-water, air-aqueous solution of butanol, and air aqueous

solutions of carboxyl methyl cellulose.

Martis, (2004) used bubble column of a 4-inch diameter plexi-glass
cylinder. Gas holdup and flow regime transition velocity measurements in a
bubble column reactor were made. A transition velocity between
homogeneous and heterogenous of about 3 cm/s was found. The transition
velocity was found to be unaffected by standing water column height,

provided that the height was larger than the diameter of the column

10



Table (2.1) Gas holdup correlation in literature

(All Dimensional Quantities Are in SI Units)

System Range of Correlation Proposed Reference
Parameters
e e
Air-water
Air-kerosene
Air- Na,SO; aq. soln.
1
Air-Glycerol e =
d,m>0.1 G 1 /3 §| Hughmark
Air-light oil 2+(0.35 /ug Npro/72)
Ug,m/s:( 0.004-0.45) (1967)
Air-ZnCl2 aq.soln.
pL, Kg/m®: (780-1700)
pe, Pa.s: (0.0009-.0152)
o, N/m: (0.25-0.076)
=
£G _
(1—8G)4
Air-water ug,m/s: (0.003-0.4) 2 1/8 3 1712
Air-glycol aq.Soln. wm/s: (0-0.044) gD p| |&D Ug ,\A(kltaha_lgd
oushida
Air-methanol d, m: (0.125-0.6) o Vi lgD (1973)
O,-water hy, m: (1.26-3.5)
C = 0.2 for pure liquid non electrolytes
C = 0.25 for electrolytes
e s
Air-water
Air-methanol aq. Soln. ug,m/s: (10.042-0.38) Hikita and
pL. Kg/m’: (910-1200) dm: 01019 § .—-0505 uGQ47(O. 07 0)2/3(0 00V ,UL)OOS Kikukawa
w, Pas: (0.00043-0.02) | hym: (0.6-1.35) (1974)
o, N/m: (0.0214-0.0728)
e
- 0.036 (=15 .7+log K )'i
& G = 0.89 [ D—l]
. L 0.3 20 .025 (2.6 +1log K )
A‘Ir(]i‘fi‘frezz)qu“;zz ugmis.: (0.01-0.08) ( d, ] ( ug ] ¢
p, Kg/m: (800-1600) R 1+ (0.0759-.61) D dpg Gestrich and
H, Pas: (0.00043-0.02) J . 0.02-3.5) x K 0% _ 0.05 Rashe (1975)
. _ 3
o, N/m: (0.0214-0.0728) . [ o, 64 ] | db —0.003m
L
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Table (2.1): Continued

Air-water

Air-Glycerol aq. Soln.

U6,m/s:(0.0014-0.14)

eg =0.728U —0.485U 2 +0.0975U -

Air-ki
e d, m: 0.05 and 0.1 025 Kumar et al.
p, Kg/m®: (800-1100) P 2 : (1976)
— L
we, Pass: (0.0009-0.0115) U=u, W
o, N/m: (0.0312-0.072) t-Pg¢ )8
-
3 0.23
€6 _ ug
Air-Alcohols e, m/s: 0-0.1 (—e0) 0.115 VAPV
Air-Halogenated dm: >0.1 < LELPL™ PG PG i Batch and
Pilhofer (1978)
Hydrogens h,m: >1.2
e
lordache
€ u
o ) ) G1/3 =G and Nuntean
Gas-Liquid Theoretical equation (1 _ SG ) uboo (1981)
i | -
ues 057 qug -0131
= €
Different Gases &G _0671 ( o j o 03
(Air, Hz, COz, CH4,
C3H3, Nz)—water 006 0107
ug,m’/s,: (0.042-0.38) Joe H;
Air-Organic liq. ' x| — —
&m0l ) M Hikita et al
Air-Electrolyte b - :
i, M: U
(1980)

pL, Kg/m’: (790-1170)
1L, Pa.s: (0.0009-.0178)
o, N/m: (0.229-0.0796)
p6, Kg/m®: (0.84-1.84)

= 1.0 for electrolyte solutions, f=1.1 [>
1.0 kg ion/m’

f=10"""" 1 < 1.0 kg ion/m’, I =solution's
Ionic strength
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2.2 Volumetric Gas-Liquid Mass Transfer Coefficients

Several studies in literature dealt with mass transfer in bubble column,
one of these studies was done by Braulick et al. (1965) studied the air
oxidation of aqueous sodium sulfite solution in simple bubble contacting
column of 3, 4, and 6 diameters. Mass transfer was found to increase with gas
rate and with submergence/diameter ratio. The mass transfer characteristics of
gas-sparged bubble column were found to be equivalent to those stirred

vessels.

Youshida and Akita (1965) studied the effect of the following

parameters on k;a:

1. Gas rate: data of sulfate oxidation in 0.077 m column diameter showed
that the k;a values increased as superficial gas velocity increase.

2. Nozzle diameter: for many nozzles of various diameters it was found that
the k;a is not affected by the nozzle diameter. This was explained by the
fact that, in the range of his study, gas flows out of the nozzle as a
continues jet stream and then was split into bubbles by turbulent motion of
liquid in a zone several inches above the nozzle.

3. Liquid height: the data showed that the k;a values are particularly
independent on liquid height.

4. Column diameter: k;a values increased as the column diameter increase.

6. Temperature: k;a values increased with increasing temperature.

7. Liquid viscosity: this parameter was studied by performing experiments on
desorption of O, in 0.152 m. It was found that the k;a values decrease with
increasing viscosity, probably owing to decrease in liquid diffusivity with

increasing viscosity.

13



Akita, and Youshida (1973) proposed experimental data for k;a for
various systems, they fond that, liquid phase diffusivity and the column

diameter affect &k a, which is proportional to the gas holdup to the 1.1 power.

Deckwer et al. (1974) used two columns (0.15 and 0.20 m, 4.4 and 7.23 m
high) with different gas distributors, measurements of k;a were carried out
with tap water. Owing to the different gas sparger the k;a values of both

columns differ by a factor about two.

Nakanoh and Youshida (1980) used 0.1455 m inside diameter and 1.9 m
height to calculate k;a in both inelastic and viscolastic liquids and presented
an equation for k;a. For inelastic liquids the relation between k;a and
superficial gas velocity was found straight line of unity slope, for viscolastic

liquids, k;a decrease as increase viscolastisity.

Vermeer and Krishna (1981) used 4 m tall, 0.19 m diameter column with
N, and turpentine 5 as gas and liquid phases, respectively. They found that
large bubbles have k;a values, (which agree with extrapolation of the value in
literature) to be an order of magnitude higher than those calculated from
correlations derived for small bubbles. Also values of k;a have been found to

be unimpaired by the bubble coalescence.

Alvarez-Cuenca and Nerenberg (1981) calculated kA a values from both
experimental and mathematical model; the result indicated that k;a increase,

often linearly, with the superficial gas velocity. Further more, for liquid-

14



phase range [0, 0.01] m/s, k;a had a minimum at u;~ 0.075 m/s. for larger

superficial liquid velocities, an increase in k; a was found.

Hikita et al. (1981) carried out an experiment with 0.1 and 0.19 m L.D.,
bubble column with single-nozzle gas sparger with several systems were
used. For non- electrolyte solutions they found that k;a values is proportional
to about 0.76 power ug and it is not effected by either by nozzle diameter or
column diameter. For electrolyte solutions the k;a values varies as 0.76 power
of us in the same manner to non-electrolyte solutions, and these values are
slightly larger than those for water, the extent depending on the nature of the

electrolyte and its concentration.

Jeng et al. (1986) studied the effect of surface-active additive on bubble
behaviors and mass transfer coefficient on CO, absorption in bubble column
under fixed gas flow rate. Addition of small amount of surface-active in the
liquid phase had the effect of retarding the coalescence of gas bubble, thus
making the gas-liquid interfacial area, a, larger; it also had the effect of
resisting the stretching or compression of the interface and reducing
disturbance in the bulk fluids, therefore making mass transfer coefficient, k;a
smaller. Because of these two opposing factors, the k;a had a maximum value

at a very low surfactant concentration.

Uchida et al. (1989) proposed k;a correlation and compared their own
experimental with the correlation values; the error on k;a is 40% maximum.
Observed data were smaller than that correlated values for solutions

containing surface active agent T-20 with 0.01vol.% Silicon oil which is used

15



as foam, the foam inhibitor (i.e. silicon oil) is considered to affect mass

transfer.

Wei-rong et al. (2004) carried out an experiment to determine the
dependence of a, k;, and k;a on the surface tension, the temperature of the
absorption phase, and superficial velocity of gas. Mass transfer measurements
were carried out using bubble column with 0.6 m; the internal and the external
diameter of the column were 0.102 m and 0.108 m respectively. The
absorption phase used was sodium carbonate-bicardonate buffer solutions
with sodium arsenite as catalyst and DBS as surface tension modifier with
CO, as inlet gas. The result showed that the k;a increased with increasing
temperature, decreased with increasing surface tension modifier, or decreased
with increasing the surface tension. The reduction of k;a as the surface
tension modifier decreased may be attributed to the effect of the surface
active-agent, which can reduce the interfacial movement when it occupied

part of the surface of the bubble.

Our work contains two parts, the first part experimental work with
bubble column with specific conditions and the second deals with
computational fluid dynamics CFD for bubble column have the same
geometry and operating conditions. The experiments of bubble column of
(0.081m diameter and 1.03m height) were carried out with air-water, CO,-
water, and Air-NaCl six concentrations of NaCl solutions with (0.24-0.8) M

NaCl solution range.

16



Table (2.2) Reported Studies for k_a
Parameter’s .
System Correlation proposed Reference
Range
s s -
Water-air ug,m/s: (0.003-0.4)
-ai - (0- 0.62
Glycol-air ur, m/s: (0-0.44) kLaDZ v, 0.5 gszL
Methanol-air D, m: 0.152-0.6 D 0.6 D - Akita and
1 1 -
Glycol aq. soln.-air Hi, m: (0.126-0.35) Youshida
Water-O, oL, kg/m’: (800-1600) [ I ]“1 . (1973)
x £
Water-He ur, Pa.s: (0.00058-0.021) Vi : ¢
Water-CO, o, N/m: (0.022-0.0742)
- Al
Theoretical Equation Fair
1/3
. 0.5 D iEG U
Gas-liquid *(dpruGJ K, a =33 dbzo (PLLD,-J (1967)
HLéG
" |
ug, m/s: <0.1
pL, kg/m’: (995-1230)
0.75
Air-water . Pa.s: (0.005-0.06) k,aD v [ eD?p1
Sucrose aq. soln. —air C = 0 for un elastic D, =009 D, o Nakanoh and
liquids i
CMC agq. soln. —air o 0133 for elast IR - Yoshida
=0. or elastic
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CHAPTER THREE

THEORY

3.1 Hydrodynamics in Bubble Column

The most important process in a bubble column is the formation of gas
bubbles at the gas sparger. The smaller bubbles, give larger area for mass
transfer between gas liquid phase. Bubble swarm behavior in a bubble column

1s mainly determined by the gas superficial velocity [Heijnen, 1984].

3.2 Bubble Dynamics

Bubble size, bubble rise velocity, bubble size distribution, and liquid and
bubble velocity profiles have a direct bearing on the performance of bubble
column. The bubble rise velocity is equivalent to the interstitial gas velocity,

which follows from the superficial gas velocity /[Shah, 1982]

*

Ug =Ug /8G (3-1)

3.3 Flow Regimes

In a bubble column, the gas rises through the liquid in three different

ways, called flow regimes as shown in figure (3.1).
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Fig. (3.1) schematic of flow patterns /Shohman, 1982]

3.3.1 Homogeneous (Bubbly) Flow

Homogenous flow is characterized by small, uniform bubbles with little
to no interaction and slow velocities mostly straight up the column [Martis,
2004].This regime occurs if the superficial gas velocity is less than 0.05 m/s
[Fair, 1967] and the rise velocity of bubbles lies between 0.18 and 0.03 m/s
[Levich, 1962] these data should be only be regarded as guideline which are
valid for aeration of water [Shah, 1982]. The bubble generated at the sparger

rise undisturbed virtually vertical axial oscillation.

Homogeneous or bubbly flow is observed at high liquid flow rate and
low gas flow rate. The concentration of bubbles is uniform, particularly in the
transverse direction. The process of coalescence and dispersion are practically
absent in the homogeneous regime and hence the sizes of bubbles are entirely
dictated by the sparger design and the physical properties of the gas and liquid
phases [Thorat, 1998].
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Observed change from bubbly flow to transition flow is asymptotic,
depending on various factors [Koetsier et al. 1976, Lockett et al.; 1975;
Wallis, 1969] which affect the size of the gas bubble by altering the degree of

coalescence.

3.3.2 Heterogeneous (Turbulent) Flow

Heterogeneous flow is characterized by larger bubbles formed when
small bubbles coalesce and interact with each other and, as a result, the

bubbles have a range of speeds in varied directions [Martis, 2004].

In the heterogeneous regime the role of sparger design diminishes
depending upon the column height. In fact, the total column height can be
divided into two regions: the sparger region and the bulk region [Thorat,
1998]. The large bubbles take the form of spherical caps with very mobile and
flexible interface. These large bubbles can grow up to diameter of about

0.15m.

Experimental evidence suggested that the liquid's axial (main stream)
velocity in the plume is essentially uniform and that the thickness of boundary

layer at the wall of the column is negligible. [Youshida and Shiria, 1970]

Since some basic bubble column properties such as mass transfer, gas
holdup, and interfacial area are highly varied in the different flow regimes,
finding the transition between the two regimes is critical to an accurate

representation of reactor performance.
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The limits of the transition region between homogeneous and the
heterogeneous bubbling regimes are characterized by the onset and the

development of liquid circulation patterns in bed [Zahradinik et al., 1997]

In this study we use a range of velocities (0.009657-2.37995) m/s that

covers the homogeneous and heterogeneous flow regime.

3.3.3 Slug Flow

This regime occurs in columns with a small diameter. This slug flow is
characterized by large bubbles that form slugs when stabilized by the
column’s walls [Wild, 2003]. Slug flow can be observed in columns of

diameter up to 0.15 m [Hills, 1976; Miller, 1980].

If the residence time within the column is "sufficiently" long, bubbles of
a size comparable to the column diameter will be formed unless the foam is
formed [Anderson and Quinn, 1970]. If the volume of these bubbles is greater
than about 5x10° m’, they will form the characteristic spherical-cap shape
[Batcher, 1967]. These spherical-cap bubbles then agglomerate to form slugs
[Moissisr and Nicodeno, 1967]

3.4 Bubble Formation and Growth

The formation of bubbles in liquid is a dynamic process in which the
shape and the size of bubbles vary continuously. It is assumed that the liquid

is displaced from the bubble which is forming as shown in figure below.
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Fig (3.2) Bubble formation [Kumar et al., 1967]

During the expansion step, the bubble adheres to the capillary orifice,
since the retaining forces are stronger than the detaching forces. As soon as
the equilibrium of forces has been attained the bubble becomes detached but
remains linked to the capillary through a neck. The bubble is severed when
the neck attains a length which corresponds to the radius of the bubble at the
conclusion of the expansion step [Kumar, 1967]. 1t is assumed that the bubble
formation from orifice follows the following procedure in figure (3.3) and on

the basis elementary force balance.
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Fig. (3.3) Bubble Formation Stages.
(a) bubble birth, (b) bubble expansion, (c) bubble lift-off, (d) bubble rise
with continued expansion, (e) bubble detachment (final bubble size)
[Geary and Rice, 1991]

3.5 Bubble Coalescence

Bubble coalescence plays a significant role in determining bubble size
distribution, gas holdup, interfacial area and bubble rise velocity, which
govern the performance of bubble columns and distillation towers. When two
bubbles come in contact, a thin liquid film forms between them, draining until
an instability forms, then coalescence occurs. The bubble coalescence

mechanism is considered to be a three-step process:

1) The approach of two bubbles to within a distance of 10™ to 10° m.
2) Further thinning of liquid layer between bubbles to thickness about 10™* m.
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3) Rupture of the thin liquid layer via an instability mechanism. /Kim and Lee
1987]. The bubble coalescence principally because of the relative motion of

elements of dispersed phase of different sizes [Jackson, 1964].

The diameter of the gas bubble of the gas distributor is not necessarily
the same as the bubble diameter in the bulk of the column. Bubble distributor
can undergo coalescence and/or (re) dispersion process. The coalescence rate
1s independent on the liquid surface properties, varying from coalescence (e.g.
pure liquids) to non coalescing (e.g. water-salt system), and depends on
whether cations or anions are adsorbed at the surface of the bubbles.
Therefore, the distinction between coalescing and non coalescing properties is
very important in determining the performance of the bubble column
[Heijiner and Riet 1984] [Marucci and Nicodemo, 1967. The effect of bubble
formation frequency on bubble coalescence frequency showed opposite

tendencies according to species of solute /Kim, 1987].

Coalescence process depends on the collision rate of the two bubbles and
collision efficiency that is a function of time required for coalescence #; and
contact time 7.

Collision is result of three mechanisms:

e Turbulence 0,

e [aminar shear 655

e Buoyancy 65 , and the total coalescence rate is :
0, = (el.jT. +07 +9UL.S) ol /7) ...(3-2)
[Prince and Blanch]
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It observed that there exist sufficiently strong attractive forces between
bubbles in water to coalesce. In these cases the attractive vander waals forces
overcome the repulsive forces and the total free energy diminishes, thus

reducing the contact area as shown in figure (3.4) [Aguilera, 2000]

(©) (d)

Fig. (3.4) (a) formation of bubbles, (b) Coalescence of bubbles,
(c) Formation of new bubble, (d) a new elliptical bubble arises
[Aguilera, 2000]
Bubble coalescence was found to follow first-order rate dependence on
bubble concentration [Calderbank, 1962].Collision arises from relative

motion between bubbles, which specifically excluded by steady-state, uniform

bubbling.

In reality, there will be random fluctuations, even in uniformly bubbling
state; these will lead to initial collisions which promote coalescence. Once
large bubbles have been formed, they will rise faster than the rest, overtaking

and giving the possibility of further collision [Hills, 1975].
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Under coalescence-suppressing condition the most evidence features
observed are that the uniform bubble swarm begins to meander, indicating an

occurrence of liquid circulation near the walls [Maruyama, and Youshida

1981]

3.6 Effect of Electrolyte Solutions

The aerated solutions of electrolytes behave differently from pure liquids.
Although their physical properties differ only slightly from those of pure
liquids, large deviations of gas holdup occur at superficial gas velocities

above 0.04 m/s [Batch and Pilhofer, 1978].

It observed that the electrolytes act to prevent coalescence by substantial
hydrodynamic repulsion force as shown in figure (3.5). For electrolyte
solutions, the value of gas holdup increases with increasing electrolyte
concentration. This means that non coalescing property of electrolyte reaches
its limiting value at critical concentration. Therefore it is desirable to use an

electrolyte concentration above the critical concentration value [Thorat et al.,

1998].
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(a) (b)
(c) ()

Fig. (3.5) (a) Formation of bubbles, (b) Superposition of bubbles, (c)
Separation of bubbles, (d) Two spherical bubbles arise [Aguilera, 2000]

The gas holdup for lower electrolyte concentration is increased by ionic
forces in the bulk of the solution rather than by reduce size bubbles from the
gas distributor. The bubble coalescence rate is high and the gas holdup is low
for pure water, presences of the electrolytes decrease the coalescence rate and,

therefore, increase the gas holdup [Jamal Ahmadi and Steinshagen, 1990]

For all electrolytes studied, the appropriate dependence (eg vs. ug)
corresponding to respective bubbling regimes, were achieved at concentration
close to the transition concentration, marking for individual electrolytes
transition from total bubble coalescence to virtually complete coalescence

suppression.
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The effect of electrolytes presence on bubble voidage has been
considerably more pronounced in the homogeneous and transition bubbling
regimes than in heterogeneous regime and indicates magnifying effect of
electrolyte addition on the differences between the (e vs. ug) dependence for

the different bubbling modes [Zaharadnik et al., 1997]

For high electrolyte concentration and low superficial gas velocities,
large bubbles form at the gas distributor plate. If the gas velocity is increased,
these bubbles break up into smaller bubbles thus increasing the gas holdup
and then the mass transfer /Jamal Ahmadi and Stienhagen, 1990]

The surface tension at the interface between bubbles and electrolyte
solution is higher than that for pure water, due to the presence of dissolved
ions. However because of the higher attractive forces between water
molecules, these ions will be quickly removed from interface into the bulk of
the solution. Therefore, the actual surface tension should be lower than the
initial surface tension, approaching that of pure water for electrolyte

concentration [Jamal Ahmadi, 1990].

The boundary between bubbly flow and churn turbulent flow for
aqueous solution of non-electrolyte is more strongly affected by operating
conditions and geometric of gas sparger and bubble column rather than by

liquid properties such as viscosity, surface tension, etc. [Uchida et al. 1989].

The boundary (bubbly flow-churn turbulent flow) for aqueous solution
of electrolytes or organic solutes is influenced by liquid properties (ionic
strength or number of carbon atoms, etc.) because bubble coalescence 1is

restrained by these solutes [Keitel and Oken, 1952].
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3.7 Phenomena That Affect Bubble Column Performance
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Fig. (3.6) Phenomena affecting bubble column performance

[Dudukov,1997]

29



3.8 Definition of Basic Parameter

The superficial velocities of the liquid and gas phases (1, and u) are defined
as the volumetric flow rate for the phase divided by the pipe cross sectional

arca

0
" :% and ug =< ..(33)

where O; and (g are the volumetric flow rate of liquid and gas respectively

and A4 is the pipe cross sectional area./Chen, 2001]

3.9 Gas Holdup Theory

Gas holdup, or voidage, is a dimensionless quantity that represents the

percentage of total gas-liquid system is occupied by the gas. And is defined as

e
VG +Vy

so .(3-4)

where Vi V), are the gas and liquid volume respectively. When making
calculation of gas holdup based on measurements of the bubble column in the
laboratory, the above equation simplifies to

h; —h

e6 =" ...(3-3)

1

where 4; = total height of liquid and gas, and 4= height of standing water.
[Martis, 2004].
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Gas holdup can be measured by:

1. Directly by bed expansion
2. In directly by manometer method

3. Attenuation of y or X- ray

Gas holdup is important property for design purpose, because of its
indirect influence on column size and because it is indirectly related to the

gas-liquid surface area and hence to the mass transfer [Hills, 1976].

The gas holdup depends mainly on the superficial gas velocity of the

form

G O UG ...(3-6)

The values of n depend on the flow regime [shah, 19582]. For bubbly
flow regime varies from 0.7 to 1.2 [Rieth et al., 1968, Miyachi and Shyu,
1970, Zlokarnik, 1971, Hammer and Rashe, 1973; Schugerl et al., 1977;
Batch and Pilhofer, 1978, Botton et al. 1978, Deckwer et.al.1980.a]

For churn turbulent or transition regime, the effect of the superficial gas
velocity is less pronounced and the exponent n takes values from 0.4 to 0.7
[Shah, 1982]. Figure (3.7) shows that in homogeneous bubbly flow, where

the gas holdup increases linearly when gas velocity increased.
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Uniform bubbling 7=m—Tra nsjlion*‘j— Liquid circulation
regime regime regime

Ug

Figure (3.7) Qualitative sketch of observed flow pattern and gas holdup
as a function of superficial gas velocity

During the flow transition the rate of increase gas holdup with gas flow
velocity is much lower than in the bubbly flow region. The lowest superficial
gas velocity of transition regime corresponds to the point where over of all

gas holdup breaks away from ideal curve for uniform bubbling.

Near maximum the gas holdup, gross liquid circulation current sweeps
the entire volume and the downward motion of gross liquid movement near

the side wall affect the steady bubble formation at the base.

At maximum gas holdup, a symmetrical two-loops circulation upward in
the middle and downward near the side walls appears for the first time among
the violent and frequent interactions of large bubble and asymmetrical

circulation /Molina, 1999] [Maruyma, 1981].
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The numerous variables that can affect the gas holdup of a system
including viscosity of both liquid and gas, the exact verticality of the column,
types of sparger or scintered plate used to introduce the bubbles, and

impurities in the liquid and gas /Geary, 1991].

3.10 The Drift Flux Model

In vertical two-phase flow, the average gas void fraction in the pipe
cannot be simply equated to the volume flowing gas fraction

ug /(ug +uy ), for two reasons. First, the bubbles rise in the aid due to the

gravitational forces, so that the local gas velocity of the gas and liquid
phase differs. Second if the gas void is distributed in the pipe such that a
disproportionate amount of gas is in region of flow with a greater or
lesser velocity than the average velocity in the pipe, then the average gas
velocity will be further modified. Typically both gas void distributor and
velocity distribution have coincident maximum at the pipe center so that,
on average, the gas traveling faster than the liquid. Taking both of the
factors into account, Zuber and Findlay (1964, 1965) present a drift-flux
model so that has been accepted widely for the prediction of gas holdup
and applied to various two-phase flow regimes in up flow regimes in up
flow [Nassos and Bankoff, 1967; Goveir and Aziz, Anderson and Hau,
1980].

ugleg =c,(ug +uy )+ (Jeg)/eg ...(3-7)

If the value of (Jeg)/egis constant or very small compared to the value of

(ug +uy), by plotting a graph of (ug/eg) against (ug +uy ), the value of c,
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can be obtained. A change in the slope of the graph will indicate the bubbly

flow regime has ended.

3.11 Transition Velocity

The flow regime transition velocity in a gas-liquid bubble column
system can be found graphically by plotting the gas holdup against the drift
flux velocity of the system. With the system in churn turbulent phase, the
relationship is not linear, but is approximated that way to find a linear best fit
line of data assumed to be heterogeneous. As the two regimes produce
"linear" relationship with different slopes, the intercept of the two lines

represents the transition velocity for the system [Wild, 2003].

The method of determining the transition velocity produces a good
approximation; the actual nonlinearity of the churn-turbulent regime makes it
difficult to produce a best-fit line close enough to the data. In these cases, the
gas hold-up is graphed against the drift-flux of the system, pronounced

linearity with sharper slop changes results.

The drift flux is a velocity in (m/s) that relates the velocity of the gas to

the velocity of the liquid components of the system.

j:gG(l—sG){u—G+u—LJ ..(3-8)

eq (1-¢6)

where j = drift flux and ug, u; = velocity of gas and liquid, respectively. In the

case of stationary liquid phase (u#;= 0) this equation simplifies to
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j:uG(l—SG) (3'9)
3.12 Mass Transfer

Mass transfer is the term used to denote the transfer of a component in a
mixture from region in which its concentration is high to a region where the
concentration is lower. The process can take place in gas or vapour or in

liquid /Coulson and Richardson, 1996].

In the absence of chemical reaction, gas-liquid mass transfer to a low
solubility gas bubble is controlled by molecular diffusion in the liquid phase.
The mass transfer coefficient k; depends on the bubble size. Firstly, because
in other wise fixed condition 4; i1s found as a function of bubble diameter
[Higbie, 1953; Frosslirg, 1983], and secondly, because bubble currature
further decides the interface mobility. Large bubbles behave usually the fluid
particles with mobile surface, while smaller bubbles tend to behave like solid

spheres [Clif et al., 1978].

~1303(1-¢5), C;-C

lo
e

kia= ...(3-10)

1 o

The Oxygen concentration measured by Oxygen-meter at 18 C°
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CHAPTER FOUR

DESIGN OF EXPERIMENT

4.1 Experimental

The experimental apparatus used in this work is shown in figure (4.1),

Fig. (4.1) The Complete Experimental Apparatus
The bubble column made of transparent plexiglass of 0.08 1m in diameter

and 1.03 m height. Porous distributor was used as gas distributor. Tap water
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at room temperature was mainly used as liquid phase in the experiments, but
results were also obtained for many concentrations of NaCl which are (0.24,

0.30, 0.36, 0.42, 0.6, 0.8) M NaCl.

Gas was taken from the air compressor; the volumetric flow rate was
measure using two separate rotameters in order to reach wide enough range of

gas velocities entering the column.

As shown in figure (4.1), the base that holds the column has a regulator
screws to ensure exact verticality of the column with effective liquid height of
0.7 m. Runs were performed with different superficial gas velocities with the
range from 0.009657 m/s to 0.131521 m/s. The systems that used in this work

are air-water, air-NaCl solution of different concentrations, and CO,-water.

4.2 Experimental Procedure

4.2.1 Measuring gas holdup

1. The column was filled with water; the liquid height was 0.7 m initially.

2. Gas was taken from compressor; the desired flow rate was measured by
rotameter.

3. The overall gas liquid level measured to determine the gas holdup (foam,
if present, was not included).

4. The above procedure was repeated with a new gas velocity for the three
systems: air-water, CO,-water, air-NaCl solutions of six different

concentrations.
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(1) Bubble Column
(2) Gas distributor

4.2.2 kia Measurements

1.
2.
3.

oxygen meter device.

a

(3) Rotameter

(4) Air Compressor

The column filled with 0.7 m height.

The above procedure was repeated for another velocity.
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Fig. (4.2) Schematic Diagram of Experimental Apparatus.

Gas was compressed from air compressor at a limited flow rate.
The concentration of the gassed water was measured every 7 min using

dissolved oxygen meter by taking a sample of the gassed liquid using



The Experimental Devices

Dissolved Oxygen Meter
The dissolved oxygen concentration in water was measure using oxygen
meter ORION 810 Aplus. This device calculate the concentration on the basis
of known relationship between O, solubility, temperature, and acting
atmospheric pressure.
This instrument measure and compensate automatically. The probe
consists of an anode/cathode electrode system and non electrolyte separated

from the environment by oxygen permeable membrane.

Air Compressor
Compressed air was supplied by means of an Angersoll-rand type
compressor, which is a reciprocating compressor, containing a clearance
unloaders consist of pockets or small resvoirs, which are opened when
unloading is desired.
The desired air flow rate was setup using needle valve and the amount was
measured with a gas meter. Also a gas rotameter was used to measure the air

flow rate.

4.3.3 Gas Distributor
A porose distributor of cylindrical shape with 14.894% void fraction, 0.03 m

diameter was used as gas distributor, this type of distributor prevents feed

back .
4.3.4 Rotameters

Two calibrated rotameters were used in order to cover wide range of gas

velocities which was from 0.009657 m/s to 0.131521 m/s.
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Chapter Five

RESULTS AND DISCUSSION

5.1 Dynamic Simulation of Chemical Process as a Tool to design
“The Real Problem” of Identification

Simulation 1s the construction and use of a computer-based
representation, or model, of some part of the real world as a substitute vehicle
for experiment and behavior prediction in an environment of change. This
works examines the practical use of simulation, within experimental data for
the bubble column application areas. The discussion draws on a study of the
employment of simulation, which serves as an authentic pilot plant, to design
a bubble column. Concluding the several gas velocities are carried out in

order to identify the system.

5.2 Computer Simulation of Bubble Column
Rapid progress in three influencing technologies over the past two
decades has brought computational fluid dynamic to the forefront of process

engineering [Haidari and Matthews, 2003].
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Fig. (5.1) CFD papers 1972-2000
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ANSYS Inc., founded in 1970 as Swanson Analysis Systems Inc.,
develops and globally markets engi-neering simulation software and
technologies widely used by engineers and designers across a broad spectrum
of industries. The Company focuses on the development of open and flexible
solutions that enable users to analyze designs directly on the desktop,
providing a common platform for fast, efficient and cost-conscious product

development, from design concept to final-stage testing and validation.

ANSYS provides unmatched technology, useablility and performance
for engineering simulation. The complete ANSYS suite covers time-tested,
industry-leading  applications for structural, thermal, mechanical,
computational fluid dynamics, and electromagnetic analyses, as well as

solutions for transient impact analysis.

CFX is a leading supplier of computational fluid dynamics (CFD) software

and services to the chemi-cal, manufacturing and power generation industries.

Inside CFX

Pre-processor

Geometry

v

Meshing

v

CFX-Pre

L ) Solver L ) Post-Processor

Fig. (5.2) Stages Inside CFX
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In this chapter we used 3-D CFX demonstrates the Eulerian-Eulerian
multiphase model to evaluate the gas holdup. The experiments were
performed in 0.081 m diameter and with air- water at atmospheric pressure.
The following parameters were used: air volume fraction of 0.25, air inlet
velocity close to the terminal velocity, water inlet velocity zero, and

symmetry planes for the cross sections.

The following figures show contours of air volume fraction at different

superficial gas velocity:

Air at 25 C.Volume Fraction
(sy1)

I2.500e-002

—1.875e-002
L —1.250e-002

—6.250e-003
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0 0.138 0.277 (m)
|
| 1

Fig. (5.3) Results showing contours of air volume fraction at 0.009657 m/s
superficial gas velocity

42



Air at 25 C.Volume Fraction
(sy1)

[ 3.000e-002

—2.250e-002

.— 1.500e-002

—7.500e-003

2.500e-007 2

[

0 0.254 0.508 (m)
| —— |
I N |

Fig. (5.4) Results showing contours of air volume fraction at
0.013114 m/s superficial gas velocity
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Fig. (5.5) Results showing contours of air volume fraction at 0.01657 m/s
superficial gas velocity
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Fig. (5.6) Results showing contours of air volume fraction at 0.020026 m/s
superficial gas velocity
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Fig. (5.7) Results showing contours of air volume fraction at 0.026939 m/s
superficial gas velocity
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Fig. (5.8) Results showing contours of air volume fraction at 0.039355 m/s
superficial gas velocity
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Fig. (5.9) Results showing contours of air volume fraction at 0.070077 m/s
superficial gas velocity
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Fig. (5.10) Results showing contours of air volume fraction at 0.100799
m/s superficial gas velocity
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5.3. Experimental Results
5.3.1 Gas Holdup

Three variables were used in semi-batch bubble column, which included

superficial gas velocities, two types of gases, and the concentration of NaCl.

The effect of superficial gas velocity on gas holdup can be shown in
figure (5.12) to (5.19). These figures indicated that the gas holdup increases
with increasing superficial gas velocity. This is due to the fact that higher
superficial gas velocity gives bubbles with lower rising velocity. This will

lead to form large residence time and hence higher gas holdup.

Tap water with aqueous solution with different commercial NaCl
concentration was used. As shown in figures (5.12) and (5.13) the addition of
NaCl with (0.24, 0.3) M will increase the gas holdup as compared with that of

water for superficial gas velocity below 0.03 m/s.

This is because of NaCl acts that prevent coalescence by the repulsive

forces that acts and the bubbles unable to coalescence.

As shown in figures (5.12) to (5.14) the gas holdup curve of NaCl
solution fall below that of water for superficial gas velocity above 0.03 m/s.
At this velocity the sudden formation of spherical cap bubbles that could be

observed caused this falling.
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Fig. (5.12) Gas holdup vs. superficial gas velocity for water and 0.24 M
NaCl
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Fig.(5.13) Gas holdup vs. superficial gas velocity for water and 0.3
M NaCl
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As shown in figures (5.14) and (5.15), for concentration of 0.36 and 0.42
M NaCl and superficial velocity below 0.03 m/s, the gas holdup decrease

until the gas holdup curve of 0.42 M take the same behavior of water curve.
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000 (] I (] I (] I (]
0.00 0.04 0.08 0.12 0.16
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Fig. (5.14) Gas holdup vs. superficial gas velocity of water and 0.36 M
NaCl
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Fig. (5.15) Gas holdup vs. superficial gas velocity for water and 0.42 M
NaCl

As show in figures (5.16) and (5.17) for high NaCl concentration and for
superficial gas velocity below 0.06 m/s, the gas holdup curve of NaCl
solution fall below that of water, this is due to increasing NaCl ions which are
(Na™, CI') in the solution that will overcome the water ions so that the
coalescence property will stop causing the formation of large bubbles and

then decreasing the gas holdup.
When the gas velocity increases above 0.06 m/s these large bubbles will

break-up into small bubbles this caused increasing the gas holdup. These

results are in good agreement with Jamal Ahmadi and Stienhagen, 1990.
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Fig. (5.17) Gas holdup vs. superficial gas velocity for water and 0.8 M
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As shown in figure (5.18) computational results have been compared to
the experimental data; the theoretical results were multiplied by factor 10
because of the difference in the distributor porosity between the simulation

and the experimental work.

0.20 |~
- 0.15 |~
o
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[]
c
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0.05 |~
—@— Theoretical Gas holdup
B —4@— Experimental Gas holdup
Ooo 1 I 1 I 1 I 1
0.00 0.04 0.08 0.12 0.16

Superficial gas velocity (m/s)
Fig.(5.18) Comparison between theoretical and experimental work
As shown in figure (5.19), the CO, was used as gas phase with water

instead of air; the results were slightly differing from that of water. This is

due the fact that the effects of gas density have little effect on gas holdup.
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Fig. (5.19) Gas holdup vs. superficial gas velocity for (CO,-water) system

compared with (air-water) system.

5.3.2 Transition Velocity

As shown in figure (5.20) the intersection of the two lines represents
transition velocity from bubbly to churn turbulent flow for (air-water) system,
it was about 0.027 m/s. these results are in good agreement with the

observation of Martis, 2004.
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Fig. (5.20) Drift flux vs. gas holdup for (air-water) system

As shown in figures (5.21) to (5.26), the transition velocity for air with
the different concentrations of NaCl, the transition velocity values was about,

0.022, 0.021, 0.023, 0.025, 0.028, and 0.029 m/s respectively.

These results show that the transition velocity from bubbly region to
turbulent region increases as the NaCl concentration increase. This is because
of the effect of salts that preventing coalescence between the bubbles. This
will lead to increase the laminar region range and hence increase the transition

velocity to the turbulent region.
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As shown in figure (5.27), the transition velocity for (CO2- water)

System was about 0.029 m/s.

0.10

0.08 —

0.06

Drift flux (m/s)
1

0.04

0.02

000 (] I (] I (] I (] I (]
0.00 0.05 0.10 0.15 0.20 0.25

Gas holdup

Fig. (5.27) Gas holdup vs. Drift flux for (CO2- water) system

5.3.3 Flow Regime Identification Using the Drift Flux Plot

The flow regime identified using the drift flux plot, as shown in figures
(5.28) to (5.31) when the (superficial gas velocity/gas holdup) m/s is plotted
against the superficial gas velocity m/s, the change in the slope of the curve
indicate the transition from homogeneous region to the heterogeneous region.

These results were in good agreement with Dr.Ted Heindel
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5.4 Mass Transfer Coefficient

As shown in figure (5.32), the mass transfer coefficient increases as the
superficial gas velocity increase. This is because of increasing the superficial
gas velocity will increase the turbulence at the interface and hence increasing
the mass transfer coefficient. Increasing the superficial gas velocity will also
lead to decrease the thickness of the diffusion layer at the liquid side, so that
resistance to mass transfer will decrease thus increasing the mass transfer

coefficient.
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Fig. (5.32) Mass transfer coefficient vs. Gas velocity for (air-water)

system
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As figure (5.33) the relation between the gas holdup and the mass transfer
coefficient is linear, where the mass transfer coefficient increase as the gas
holdup increases. This is due to increasing the amount of air (which contains
oxygen) in the two-phase system, this will lead to oxygen transfer from gas
phase to liquid phase because of the difference in the oxygen concentration

between the two phases.
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Fig. (5.33) Mass Transfer Coefficient vs. Gas holdup for (Air- water)
system
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CHAPTER SIX

CONCLUSION AND RECOMMENDATION FOR FUTURE WORK

6.1 Conclusions

1. Increasing the superficial gas velocity leads to increase in gas holdup
for the three systems and the mass transfer coefficient.

2. At the critical concentration of NaCl solution, which is 0.42 M, the gas
holdup curve takes the same behavior of water gas holdup curve.

3. The addition of NaCl concentration below the critical concentration
will increase the gas holdup for superficial gas velocity below 0.03 m/s
compared to that of water while for higher velocity the gas holdup
curve falls below of water with slightly increasing in the gas holdup as
the NaCl concentration increase.

4. The addition of NaCl with concentration above the critical
concentration and for superficial velocity below 0.06 m/s will decrease
the gas holdup compared to that of water. When the superficial gas
velocity increased above 0.06 m/s the gas holdup will increase.

5. The transition velocity increase with increasing the concentration of
NaCl.

6. The flow regime identified using the drift flux plot.

7. Computational results have been compared to experimental data. The
theoretical results were multiplied by factor 10 because of the
difference in the distributor porosity between the simulation and the

experimental work.
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6.2 Recommendations for Future Work

From the present study, it is noticed that further studies in the following

areas would be desired.

1.
2.

Using 3D fluid dynamic using other liquids such as alcohol.
The effect of adding solids on gas holdup, transition velocity, and mass

transfer coefficient.

. The effect of other type of electrolytes to make a comparison between

these types and their influence on gas holdup and flow transition.

. This study concerned only with measuring the mass transfer coefficient

only with air-water system. Therefore studies to cover the mass transfer

using the electrolytes system.

. A modified method for measuring gas holdup is necessary such as

gamma-ray absorbtion, pressure measurements, gas holdup

measurements by optical probe, and electrical resitance tomography.
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APPENDIX ""A™

Table (A-1) Results for 0.24 M NaCl

Gas velocity/

Gas velocit Gas holdu Drift Flux

s |Gy Gas(r:‘]j’s';’“p
0.009657 0.038021 0.00929 0.253991
0.013114 0.062081 0.0123 0.21124
0.01657 0.081164 0.015225 0.204155
0.020026 0.10045 0.018014 0.199363
0.023482 0.112614 0.020838 0.208518
0.026939 0.127363 0.023508 0.211514
0.030395 0.136158 0.026256 0.223233
0.039355 0.141806 0.033774 0.277527
0.054716 0.1522 0.046388 0.359501
0.070077 0.161342 0.058771 0.434338
0.085438 0.170288 0.070889 0.501726
0.100799 0.179688 0.082687 0.560967
0.11616 0.189189 0.094184 0.613989
0.131521 0.217877 0.102866 0.603648




Table (A-2) Results for 0.3 M NacCl

Gas Velocity

Gas holdup

Drift Flux

Gas velocity/

(m/s) () (m/s) Gas(r';‘/’s')d“p
0.009657 | 0.039121 | 0.009279 0.24685
0.013114 | 0.06166 | 0.012305 0.212682
0.01657 | 0.08317 | 0015192 0.19923
0.020026 | 0.102564 | 0.017972 0.195254
0.023482 | 0.112801 | 0.020741 0.208172
0.026939 | 0.123905 | 0.023601 0.217417
0.030395 | 0.133127 | 0.026349 0.228316
0.039355 | 0.13252 | 0.034158 0.296974
0.054716 | 0.147381 | 0.046652 0371255
0.070077 | 0.158654 | 0.05896 0.441697
0.085438 | 0.170616 | 0.070861 0.500762
0.100799 | 0.180328 | 0.082622 0.558976
0.11616 | 0.198 0.093034 0.586667
0.131521 | 0215 0.103269 0.611726




Table (A-3) Results for 0.36 M NaCl

Gas velocity | Gas holdup | Drift Flux %ajsvﬁé?g:}g/
(m/s) ) (m/s) (m/s)
0.009657 0.037139 | 0.009298 0.260023

0.013114 0.059772 0.01233 0.2194

0.01657 0.082268 | 0.015207 | 0.201415
0.020026 0.098229 | 0.018059 | 0.203871
0.023482 0.11 0.020913 0.213473
0.026939 0.123356 | 0.123356 | 0.218384
0.030395 0.129894 | 0.023616 | 0.233998
0.039355 0.136868 | 0.026447 0.28754
0.054716 0.153567 | 0.033969 | 0.356301
0.070077 0.163513 0.046368 0.428571
0.085438 0.177116 | 0.058619 | 0.482384
0.100799 0.187935 0.070306 0.53635
0.11616 0.199695 0.081855 0.581687
0.131521 0.217877 | 0.092963 0.603648




Table (A-4) Results for 0.42 M NacCl

Gas(r\;]ellsc;city Gas ?(;Idup Dr(i:‘rt]/I:)lux %aassvﬁé?g:}g/
(m/s)
0.009657 0.034483 0.009324 | 0.280051
0.013114 0.058507 | 0.012347 | 0.224144
0.01657 0.081967 | 0.015212 | 0.202155
0.020026 0.096191 0.0181 0.20819
0.023482 0.111675 0.02086 0.210271
0.026939 0.121706 0.02366 0.221345
0.030395 0.132 0.026398 | 0.230265
0.039355 0.141631 0.033781 0.27787
0.054716 0.157641 0.046091 0.347092
0.070077 0.172577 | 0.057984 | 0.406062
0.085438 0.180807 0.06999 0.472537
0.100799 0.195864 | 0.081056 | 0.514638
0.11616 0.205899 | 0.092243 0.56416
0.131521 0.215686 | 0.103154 0.60978




Table (A-5) Results for 0.6 M NacCl

Gas(r\;]ellstgcity Gas ?(;Idup Dr(i:‘rtlllz)lux %aassvﬁé?g:}g/
(m/s)
0.009657 0.03537 0.009315 0.273028
0.013114 0.055755 0.012383 0.235208
0.01657 0.072438 0.01537 0.228747
0.020026 0.0814 0.018396 0.24602
0.023482 0.093068 0.021297 0.25231
0.026939 0.106003 0.024083 0.254134
0.030395 0.113363 0.026949 0.268121
0.039355 0.13 0.034457 | 0.302731
0.054716 0.143 0.046909 | 0.382629
0.070077 0.162846 | 0.058666 0.430327
0.085438 0.180488 0.070017 0.473372
0.100799 0.195556 | 0.081087 0.515448
0.11616 0.21186 0.09155 0.548287
0.131521 0.23 0.101673 0.57183




Table (A-6) Results for 0.8 M NacCl

s | ashotaup | rteFlux | EIC
(m/s)
0.009657 0.038902 | 0.009281 | 0.248239
0.013114 0.058296 0.01235 0.224955
0.01657 0.074074 | 0.015343 | 0.223695
0.020026 0.084169 0.01834 0.237926
0.023482 0.096386 | 0.021219 | 0.243625
0.026939 0.10505 0.024109 0.25644
0.030395 0.114111 0.02693 0.266363
0.039355 0.133753 | 0.034091 | 0.294236
0.054716 0.150228 | 0.046496 0.36422
0.070077 0.171679 | 0.058047 | 0.408186
0.085438 0.18502 0.06963 0.461777
0.100799 0.199466 | 0.080693 | 0.505344
0.11616 0.218241 | 0.090809 | 0.532256
0.131521 0.236155 | 0.100462 | 0.556927




Table (A-7) Experimental and Theoretical VValues of Gas holdup

Superficial Gas | Experimental Gas Theoretical
Velocity (m/s) Holdup (-) Gas Holdup(-)
0.009657 0.013589 0.02
0.020026 0.095218 0.03
0.026939 0.124818 0.04
0.039355 0.151515 0.06
0.070077 0.171761 0.1
0.100799 0.192618 0.14
0.131521 0.227941 0.18

Table (A-8) Effect of Gas Velocity on Mass transfer coefficient

Gas velocity Mass Transfer
(m/s) x 107 Coefficient (s™)
0.5825 2.587221E-3

0.7 0.0030769

0.8 0.0034231

0.9 3.80769E-3
0.9657 4.153226E-3

1 0.00385




APPENDIX "'B"

General Equations Used in Bubble Column
Simulation

The Euler-Euler approach

The Eulerian model solves a set of n energy, momentum and continuity
equations for each phase. Coupling is achieved through the pressure and
interphase exchange coefficients. Particle tracking (using the Lagrangian
dispersed phase model) interacts only with the primary phase. The equations

being solved in the Eulerian model are as follows:

Continuity equation (void fraction equation) for the gas phase from total of n

phases

2o Jevlegug )- [zm ] )

A similar term appears also in the momentum equations. The term is zero by
default, but can be specified either as a constant, or by a user-defined

function.

Momentum equation for the gas phase:

n

a(ngGuG)"'V'(gGPG UglUg )Z —egVP+V.rg +e6 o609 + Z(E o UL —ug )+ mLGuLG)
p=1

+&c PG (FG +Fi g + va,G)
Q)
Where

B-1



T =& Mg (VUG +VU(-I_;, )+ e [ﬂe —gﬂG jV.UG |

..03)

And the interphase momentum exchange coefficient E g can be expressed in a

symmetric form as:

e leLoL +E. P )f

z-LG

Eig =

_ (ngL +ngG ) (dbL +dbG Jz
LG _18(EL,U|_ +EGIUG) 2

And
f = CD RE/24
Where
Cp =24(1+0.15Re0.687)/Re
Cp =0.44

Relative Reynolds number is computed from

‘UL_UG dy
ool
Hg

R

A general form of the K g used 1s

c. e ¢ f
ELG: G G L
7L
2
TL:pLdbL
18ug

B-2

.4

..(5)

..(6)

for Re <1000,

for Re> 1000.

(7

..(8)
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