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Abstract

Post-combustion CO> captures such as Gas-Lift Advanced Dissolution (GLAD)
systems, bubble column reactors and gas absorbers rely on mass transfer phenomena in which
gas in bubbles is dissolved in the surrounding liquid phase. Learning about the flow
characteristics of the system is important for designing the bubble column reactor with
chemical absorption. Changes in bubble diameter, shape, and rising bubble speed due to mass
transfer significantly change the flow characteristics. When determining the rate of chemical
absorption, it is important to take into account the enhancement factor £. However, the existing
E correlations are based on an analytical theory that has not been verified against experimental
data for multi-bubble systems. Hence in this study, experiments of single CO; bubbles with
various shapes were carried out with several NaOH concentrations and its applicability to
bubbly flow was examined.

The mass transfer from a single CO> bubble with chemical absorption in a stagnant
liquid was investigated in a vertical pipe with a diameter of D = 12.5 mm. The experiments
were conducted with various sodium hydroxide concentrations (12 < pH < 13.15) and various
bubble shapes (0.4 < A < 1.4), where A is the ratio of the bubble diameter to the pipe diameter.
The image processing was performed for the bubble images, and the mass transfer coefficient
was measured from the time change of the bubble diameter. The value of E is determined for
each bubble by comparing the mass transfer coefficients of chemical and physical absorption.
The experimental results confirmed that the presence of NaOH does not affect the mass transfer
due to low concentration as E for 7 <pH < 12 is almost unity. For pH > 12.25, E increases with
increasing both pH and d. The enhancement factor £ varies not only with pH but also with the
shapes of bubbles d*, where d* (= d/dr) is the ratio of the bubble diameter to the bubble
diameter at the transition from ellipsoidal to semi-Taylor bubbles, putting E correlation from
Fleischer et al., which is based on the two-film theory and a flat interface, inapplicable to single
bubbles. The proposed empirical correlation of E for single bubbles shows good agreement
with 93% of the data within 10% error margins. The correlation was also applied to bubbles in

the larger pipe with a D = 18.2 mm.



Before applying the enhancement factor proposed in this study to multi-bubble systems,
the applicability of obtaining good predictions for mass transfer in multi-bubble systems with
different types of physical absorption was investigated. The experiments on bubbly-slug flows
in a vertical pipe were carried out for three conditions: a pure water system, a system with
electrolyte, NaCl, and a system including surfactant and electrolyte, NaCl-1-octanol mixture,
and the obtained data were used to validate the predicted results. The spatial evolution of the
flow patterns, radial void fraction distributions, and radial bubble diameter distributions of
bubbles were measured for D = 25.0 mm, the liquid phase Reynolds number of 7000, and the
gas volume flux of 0.120 m/s. The one-way bubble tracking method was used as the numerical
simulation method. The available mass transfer correlations are implemented into the
simulation. The predicted and measured spatial evolution agree well, implying that mass
transfer correlations developed for single bubbles are applicable to bubbly flows with high
Schmidt numbers. Due to the extremely thin concentration boundary layer present in a system
with a high Schmidt number, the influence of adjacent bubbles and fluctuations in velocity
surrounding the bubbles as a result of the liquid flow are negligible in terms of their effects on
mass transfer. Therefore, the spatial evolutions were well predicted.

The E correlation of chemical absorption was then implemented into the bubble
tracking system to test its applicability in bubbly flows with chemical absorption. In order to
confirm the predicted results with or without chemical absorption, experiments were carried
out for two gas volume flux conditions in a pure system and a NaOH system to validate the
predicted results. Since the dissolution of bubbles in chemical absorption is very fast, the image
processing method is used to calculate both mean void fractions and bubble diameter
distributions at several axial locations in a vertical pipe. Good predictions of the flow patterns,
mean void fractions, and bubble diameter distributions were obtained using the proposed E
correlations in coupled with the available mass transfer correlations for a clean system applied
to the one-way bubble tracking method

This study investigated the mass transfer with chemical absorption from single bubbles
of varied shapes and NaOH concentrations flowing through a vertical pipe. A correlation of
enhancement factor was also developed to predict bubble dissolution rate in aqueous NaOH
solution. The bubble tracking method was used to verify the validity of available mass transfer
correlations with different kinds of physical absorption before applying the proposed E
correlation to the multi-bubble system. It was also clear that the proposed E correlation can

predict bubbly flows in a vertical pipe with or without chemical absorption.
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Chapter 1
Introduction

1.1 Background

Reduction of carbon dioxide (CO2) emission remains the critical issue in controlling
global warming. In the petroleum, natural gas, coal-fired power plants, and chemical industries,
physical and chemical absorption methods are frequently used to remove COa, i.c., Gas-Lift
Advanced Dissolution (GLAD) system [1], bubble column reactor and gas absorber (Fig. 1.1)
[2,3]. CO2 gas dissolved in the liquid, and the mass transfer from bubbles to liquid have become
essential in designing those gas-liquid two-phase flow devices. In the GLAD system, physical
absorption takes place in the CO; dissolution into seawater as they rise in J-shaped pipes
installed in the ocean. For chemical absorption, flue gas from industries containing CO> is
purged into a reactive liquid so that COz not only dissolves but also changes to other products
very quickly due to chemical reactions. Many reactive liquids have been examined to obtain
the maximum efficiency of CO; removal, and sodium hydroxide (NaOH) has the highest
removal percentage, 92-99% [4].

CO2-lean gas
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Fig. 1.1 Bubble column reactor
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In designing the bubble column reactor with chemical absorption, it is necessary to
understand the flow characteristics of the equipment. The flow characteristics change
significantly due to changes in the bubble diameter, shape, and rising speed of the bubbles due
to mass transfer. Also, the enhancement factor E needs to be considered to define how fast the
absorption rate in the system. E is a dimensionless number that compares the mass transfer

coefficient from chemical absorption to physical absorption [5]:

gt Sh 1.1
k) ShO (11

where k;, and k? are the mass transfer coefficients with and without chemical absorption,
respectively, and Sh and Sh® are the Sherwood numbers with and without chemical
absorption.

Most studies on CO> absorption in NaOH solutions have been carried out for flows in
bubble column reactors, both experimental and numerical [6—12]. Some numerical simulations
have implemented the enhancement factor based on an analytical approximation derived from
several enhancement factor theories, such as the penetration [13,14], the surface renewal [14],
and the two-film theories [15,16]. Fleischer et al. [6] used the two-film theory to estimate E for
a wide range of NaOH concentration (7 < pH < 14). Then for simplicity, E estimated from the
theory was extracted as a function of pH and implemented into the numerical simulation for

bubbly flows (see Fig. 1.2) as follows
E =1+ 7x10""exp (1.98pH — 10.6) (1.2)

Basically, the theoretical derivations of E considered only the rate of diffusion through
a flat interface. The bubble column reactor is, however, a multi-bubble system including a wide
range of bubble diameters. The flat interface assumption cannot be adopted unless the radius
of the interface curvature is infinitely large. Hence, it is required to obtain knowledge of mass

transfer with chemical reactions from single bubbles of various diameters and shapes.
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Fig. 1.2 Enhancement factor proposed by Fleischer et al. [6]

Madhavi et al. [17] experimentally observed a single spherical CO> bubble rising
through infinite stagnant NaOH aqueous solutions at pH = 14, 14.18, and 14.4 in the range of
bubble diameter from 0.45 to 0.65 mm. The experiments showed that the bubble diameter
decreased significantly as the NaOH concentration increased, i.e., the increase in the NaOH
concentration enhanced the mass transfer. This tendency was well reproduced by a prediction
model taking E into account [18]. Jia and Zhang [19] used the experimental results by Madhavi
et al. for comparison with their numerical predictions. Their simulation showed that the
chemical reaction dominated the local mass transfer rate. The chemical absorption from Taylor
bubbles was studied by Kundu et al. [20], who focused only on the percentage of removed CO>
during experiments with several pipe diameters and NaOH concentrations. The observation of
various kinds of bubble shapes is very limited. To this point, our knowledge of the chemical
absorption of deformed bubbles is insufficient. In particular, the relationship between E and
pH for single bubbles proposed by Fleischer et al., which is used by many researchers to
perform numerical prediction of multi-bubble systems, lacks experimental evidence.
Therefore, experiments of single CO> bubbles with various shapes were carried out with several
NaOH concentrations to obtain an empirical E correlation by comparing &z of the chemical
absorption with those of the physical absorption ky. Then the empirical E correlation will be

implemented in the numerical simulation of the multi-bubble systems.
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1.2 Mass transfer from a single CO, bubbles

The mass transfer from a single bubble is affected by various factors such as bubble
diameter, shape, rising speed, liquid phase physical properties, and pipe wall [21]. In addition,
for chemical absorption, the enhancement factor also becomes one of the factors controlling
rapid mass transfer. For this reason, many studies have investigated the effects of these factors
on mass transfer. The Sherwood number S% defined by the following equation is often used for

mass transfer evaluation.

Sh=—— (1.3)

where k; [m/s] is the mass transfer coefficient, d [m] is the sphere-volume equivalent bubble
diameter, and D; [m?/s] is the diffusion coefficient.
Following Eq. (1.1), the Sh for chemical absorption for small bubbles can be evaluated by

using

Sh = E ShO (1.4)

and for large bubbles, using
Shp = E Sh) (1.5)

Here, Sh and Shp are the Sherwood number considering chemical absorption for small bubble
and large bubbles (cf. Eq. (1.8)), respectively. Sh® is the Sherwood number for clean system
without chemical reaction. Hori et al. [22] proposed the following correlation for Sh®, which
is applicable to ellipsoidal and semi-Taylor bubbles in water of L/D < 1, where L is the length
of Taylor bubble and D is the pipe diameter:

ho - =(034d"% +0.28d" + 1) VPe for d* < 1 6
(0.18 d* + 1.6) Pe for d* >1 '
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Here d* (= d/dr) is the ratio of the bubble diameter to the bubble diameter at the transition from

ellipsoidal to semi-Taylor bubbles [23]. Pe is the Peclet number defined by

p _ Vsd 1.7
e=7 (1.7)

where V3 [m/s] is the bubble rising velocity.
For Taylor bubbles of L/D > 1, ShY in clean water proposed by Filla [24] is available:

ShY = 5.1(L/D)°2,/Pe,, (1.8)
where Sh is defined by
kA
o _ "“L“'B
Shp = D.D (1.9)

where Ag (= nd?) is the bubble surface area. Pey, is the Peclet number defined by

VgD
Pep = — 1.10
€p DL s ( )

The L/D in Eq. (1.7) can be evaluated by using the following correlation proposed by
Nakahara and Tomiyama [25]:

L/D = (0.586 — 0.2161 + 0.8441%)A (1.11)

where A is the diameter ratio (= bubble diameter d [m] / pipe diameter D [m]).
For all bubble shapes, E will be evaluated by comparing the mass transfer coefficient
obtained from the chemical absorption experiment and mass transfer coefficient for clean

system.
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1.3 Multi-bubble system

In order to investigate complex multi-bubble system, many numerical methods have
been proposed. The one-way bubble tracking method is well-known method that significantly
reduces computational costs by utilizing models for the liquid flow instead of solving the
momentum equation for the liquid phase [26]. This bubble tracking method predicts bubbly
flows in a Lagrangian manner, and the local variables such as the bubble diameter, velocity,
and position of each bubble in the flow field are directly obtained as dependent variables.
Therefore, the volume fraction of each phase and the gas-liquid boundary area are calculated
without any numerical diffusion. By implementing a mass transfer model for a clean water
system to the one-way bubble tracking method, Abe et al. [27] successfully obtained a good
prediction of the spatial evolution between predicted and measured dissolving bubbly pipe
flows. However, the mass transfer correlation of single bubbles used in Abe et al. was obtained
from the experimental results for D = 25.0 mm only, so it is not applicable to other pipe
diameters [28].

Before applying the enhancement factor proposed in this study to multi-bubble systems,
it would be necessary to examine whether we can obtain good prediction for mass transfer in
multi-bubble systems with various kinds of physical absorption. Therefore, the experiments in
multi-bubble system in a vertical pipe were carried out for three different conditions: a pure
water system, a system with electrolyte, NaCl, and a system including surfactant and
electrolyte, NaCl-1-octanol mixture. Mass transfer correlations proposed in previous studies
for each scenario [22,29] were implemented into a three-dimensional one-way bubble tracking
method [26,30], and new experimental data were used to validate the extended pure method.
Experiments of multi-bubble systems with chemical absorption were carried out for a pure
water system and a NaOH aqueous solution of pH = 13. The applicability of the proposed
empirical correlation of E to numerical simulation of bubbly pipe flows with chemical

absorption is validate by comparing measured and predicted spatial evolutions.

1.4 Objectives

Understanding the behavior of CO; bubbles is important in designing the bubble
column reactor with chemical absorption. The presence of reactive liquid in the system
increases significantly the bubble dissolution, therefore, the enhancement factor E is an
essential factor that needs to be considered. Many studies have been made to develop a model

of E for the bubble column reactor. However, the E correlations obtained so far have been
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based on an analytical theory which has not been validated against experimental data for multi-
bubble systems. In this study, we investigate the mass transfer of single CO> bubbles with
various shapes in a vertical pipe for 7 < pH < 13.15, and develop an empirical E correlation
that can predict the bubble dissolution process. First, a dissolution experiment of a single CO»
bubble in an aqueous NaOH solution rising in a vertical pipe is performed to obtain k; data.
Bubble dissolution in a wide range of A is measured, and the obtained k; were compared with
k? in a pure water system.

Then, experiments of multi-bubble system with various kind of physical absorption
including surfactant and electrolyte were carried out. The mass transfer correlation proposed
in previous studies were implemented into the one-way bubble tracking method to examine
whether they give good predictions by comparing numerical prediction of various kinds of
physical absorption of multi-bubble system with measured data. Then, the experiments of
multi-bubble system with chemical absorption were carried out. The spatial evolution such as
flow patterns, mean void fraction, and bubble diameter distributions for chemical absorption
were obtained from multi-bubble experiments for aqueous NaOH solution (pH=13). The
applicability of the proposed empirical correlation of the enhancement factor E to the bubbly

pipe flow with chemical absorption is validated by comparing predicted and measured data.

1.5 Dissertation structure
This dissertation consists of five chapters. The outline of each chapter is summarized
below:

1. Chapter 1 describes the background of this study and the previous studies on mass
transfer from bubbles with/without chemical absorption. After showing that there is
insufficient knowledge about the dissolution of CO2 bubbles in aqueous NaOH solution
especially for single bubbles, the purpose and method of this study were described.

2. In Chapter 2, the effect of chemical absorption on bubble dissolution is investigated.
The experiments of a single CO2 bubbles in a stagnant liquid in a vertical pipe are
carried out using aqueous NaOH solution whose pH is varied from 12 to 13.15. & is
measured from the experiments and compared with k! for a clean system to construct
empirical E correlation.

3. In Chapter 3, gas-liquid two-phase flows in a vertical pipe are measured for mass
transfer with various kinds of physical absorption. The experiments are for a pure water

system, a system with electrolyte, NaCl, and a system including surfactant and
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electrolyte, NaCl-1-octanol mixture. The available mass transfer correlations are
implemented into the bubble tracking method and the validity of the correlation is
examined. The predicted and measured spatial evolutions are compared.

4. In Chapter 4, the applicability of enhancement factor proposed in Chapter 2 to bubbly
flows is validated through comparison with experimental results. The E correlation is
implemented into the bubble tracking method together with available mass transfer
correlations for a clean system. The flow patterns, mean void fraction, and bubble
diameter distributions are measured and compared with numerical predictions.

5. Chapter 5 concludes the overall achievements obtained in this research.
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Chapter 2
Mass transfer with chemical
absorption

2.1 Introduction

The mass transfer coefficients k; of single carbon-dioxide bubbles with chemical
absorption in a vertical pipe were examined in this section using aqueous sodium hydroxide
solutions. The pH of the solution was varied from 12 to 13.15. The pipe diameter D was 12.5
mm. To accommodate a wide range of bubble shapes, the bubble diameter d was verified for
0.4 < d/D < 1.4. Measured mass transfer coefficients were used to obtain the enhancement

factor defined by

k; Sh
=k—gzm (2.1)

E
where k; and k are the mass transfer coefficients with and without chemical absorption,
respectively, and Sh and Sh® are the Sherwood numbers with and without chemical
absorption. Then, an empirical E correlation was developed to account for the effects of bubble
size and NaOH concentration on mass transfer. The applicability of the correlation was verified

through the experimental results of larger pipe diameter (D = 18.2 mm).

2.2 Experiment and measurement method

2.2.1 Gas and liquid properties

The concentration of aqueous sodium hydroxide solutions has a noticeable impact on
the physical properties of gas and liquid phases as shown in Table 2.1. A standard hydrometer
(JIS B-1525) was used to determine the liquid density, p,. The liquid viscosity, pz, was
measured using a tuning fork vibrating viscometer (A&D, SV-A10). The pendant bubble

method [1] was used to measure surface tension, c.
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Table 2.1 Gas and liquid properties (7=298 K, P =~ 1 atm)

Liquid phase Gas phase

[OH]

pH 173 Dco: Csar
[mol/L] pr [kg/m’] . o [N/m]
[10° Pa-s] [10°m?/s] [mol/m?]
1077 (water) 7 997 0.89 0.072 1.92[2] 34.0[3]

0.01 12 998 0.89 0.071 1.92 33.9
0.018 12.25 998 0.90 0.071 1.92 33.8
0.032 12.5 999 0.90 0.071 1.92 33.6
0.063 12.8 1000 0.90 0.070 1.91 33.2
0.08 12.9 1001 0.91 0.070 1.91 33.0
0.1 13 1001 0.91 0.069 1.90 32.7
0.14 13.15 1003 0.92 0.068 1.90 32.2

Himmelblau [2] and van Krevelen and Hoftijzer [3] provided the diffusion coefficient,

Dc¢o,, and the saturated concentration, Csa, of CO; in clean water. The D¢, in NaOH solution

was calculated using [4]:

m
Dco, = D802(1 + 0.6242 b;c;) (2.2)
i=1
—2119
D¢y, = 2.35 x 107° exp( T ) (2.3)
(24)

Ci = NiCg

where D202 is the diffusion coefficient of CO2 in water [5] . The constants b; are given in Table
2.2, ¢; [kmol/m?] is the concentration of ion and m is the total number of ions. The n; and cs
[kmol/m?] are the number of ions and the concentration of solution, respectively. The T is

temperature in Kelvin.
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The presence of reactive ions affects the saturated concentration, Csu, and the Henry

constant, Hq,, which can be calculated as [6] :

m

Csat Heo
log,, <C5Ta> = log,, <H 2| _ _Z(hi + he)e; (2.5)
sat CO, =1
HO = 1 PH20 (2.6)
€0z~ 3,54 x 107 exp(2044/T) My,o '
hg = h% + hy (T — 298.15) (2.7)

where C3,, and Hgo2 are the saturated concentration and the Henry constant of COz in clean

water, h; and h¢ are ion-specific and gas-specific parameters, respectively, h2 is the gas-
specific parameter for pure gas, and /7 is the gas-specific parameter for the temperature effect.
The parameters in Egs. (2.5) and (2.7) are summarized in Table 2.2. The Hgoz [Pa] is calculated
as a function of temperature [5], py20 and My, i.c., the water density (997 kg/m?) and its
molar mass (18 g/mol). Uncertainties in D¢, and Csa estimated at 95% confidence were

+0.28% and +0.42%, respectively.

Table 2.2 Parameters in Eqgs. (2.2), (2.5) and (2.7)

bi hi hGO h'T
Ion Gas
[m3/kmol][4] [m?/kmol][6] [m3/kmol][6] [m?/(kmol-K)][6]
Na" -0.0857 0.1143 CO2 -0.0172 -0.338x 107
OH— -0.1088 0.0839

2.2.2 Experimental setup

Fig. 2.1 illustrates the experimental setup. The apparatus used to make the aqueous
sodium hydroxide solution consisted of the glove box, the water tank, and the vacuum pump,
which were all integrated within the stirrer. NaOH granules (Fuji Film Wako Pure Chemical,
1310-73-2) were originally weighed to a predetermined quantity in the glove box. The stirrer
was then used to thoroughly mix the purewater (Millipore, Elix Essential UV5) from the tank
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and the NaOH granules. The concentration of the solution was checked using a pH-meter (TOA
DKK, HDM-136A) with uncertainties + 0.03. Argon was used as a purge gas in the tank and

glove box to prevent NaOH from reacting with CO; in the atmosphere.
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Fig. 2.1 Experimental setup

The test section consists of the lower tank, circular pipe, acrylic duct, upper tank, pump,
high-speed video cameras with optical filters, z-axis stage actuators, fiber sensor, and LED
lighting. Fluorinated ethylene propylene (FEP) resin was used as the material of the 12.5 mm
inner diameter circular pipe. The FEP pipe was inserted in the acrylic duct, and water was used
to fill the space between the pipe and the duct. Due to the fact that the refractive indices of
water and FEP resin are almost identical, 1.333 and 1.338 respectively, it is feasible to capture
bubble images without optical distortion. The water in the gap was circulated through a water
bath that was adjusted to 298 K. All tests were performed at room temperature and atmospheric

pressure (T =298 K and P =~ 1 atm, respectively).

16



Chapter 2

CO; gas (Sumitomo Seika, purity 99.9 vol%) injected from the bottom of the lower
tank was kept in the hemispherical cup using the gastight syringe and then released by spinning
the cup. Using two synchronized video cameras, images of a bubble in the pipe were captured
from the front and sides. For back illumination, the green and red LED light sources were
utilized. Cameras and LED light sources were installed on the actuators, and their motions were
synchronized. Bubbles were tracked from 0 to 400 mm along the z-axis by using a video camera
with the following settings: 400 frames/s for frame rate and 0.04—0.05 mm/pixel for spatial
resolution. After releasing no more than five small bubbles or three Taylor bubbles, the NaOH
solution was refilled in order to prevent the change in NaOH concentration caused by the
interaction with CO;. In addition to neutralization, the test section and reactor were cleaned
with pure water following the completion of the experiments, and k? of CO» in clean water
was measured before the next set of experiments to confirm that all equipments were free of

contamination.

2.2.3 Measurement method of bubble diameter and rising speed

Hosoda [7] applied image processing [8] to bubble images taken from two directions
perpendicular to one another for bubbles of various shapes rising in a vertical pipe to obtain a
sphere volume equivalent diameter (hereafter, referred to as bubble diameter) d [m] and the
bubble rising velocity Vz [m/s]. The d and Vp of the target range were estimated in this

investigation using their method. The image processing procedure is described below.

(1) Acquire front and side photos of bubbles simultaneously from two orthogonal directions
using two high-speed video cameras (Fig 2.2(a)).

(2) Binarize the captured image and extract the contour of the bubble (Fig. 2.2(b)).

(3) Assuming that the bubble's horizontal cross-section is elliptical, the bubble is divided
into an elliptic plate with a thickness of 6 [m], represents the length of one bubble
picture pixel. The lengths of the ellipsoid's major and minor axes are the horizontal
lengths acquired from the bubble pictures (/; [m] or /z; [m] in Fig. 2.2 (c)).

(4) Reconstruct the bubble shape by vertically stacking disassembled elliptical plates (Fig.
2.2(d)).

(5) Bubble volume @5 [m?] and d are obtained by the following equations respectively.
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N
Loilpi &
@B:Z”G;R‘ (2.8)
i=1
6 1/3
d= —@B] (29)
VA

where N is the total number of elliptical plates stacked vertically.

Front Side Front Side
(a) Bubble images (b) Binarized images
Ja———ny
7|
= |
B —
A T
Lri| |
\ 4 < .
(c) Elliptic disks (d) Reconstructed bubble

Fig. 2.2 Image processing procedure

This technique of image processing was validated by measuring the d of a single air

bubble rising in a stationary liquid in a vertical pipe. In Fig. 2.3, the calculated bubble diameters

using one-sided and two-sided images (method of image processing) are compared. The solid

line on the graph represents an ellipsoidal air bubble in purewater system (D = 12.5 mm) with

an initial bubble diameter d;, of 5.8 mm. The triangles and inverted triangles represented front

and side single bubble images, whereas the circles symbolize the image processing method that

includes two-side images. The calculation begins at 0 seconds (t = 0 s), as shown by the
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horizontal axis. Compared with the solid line, the d calculated from bubble images taken from

two directions is more accurate than the d taken from one direction.

12 T T T | T T
i O Stereo ]
10— A Front single image —
i V' Side single image il
81— — d,;=5.8mm 1

d [mm]

T [s]

Fig. 2.3 Measured diameter of air bubble in pure water

The time variation of the vertical coordinate zz [m] of a CO> bubble (d;» = 8.3 mm)
rising in a stationary liquid in a pipe is shown in Fig. 2.4. For Taylor bubbles, the coordinates
of the bubble tip are used, and for bubbles smaller than Taylor bubbles, the coordinates of the
center of gravity are used as zp because the shape of the bubble changes with time. The center-

of-gravity coordinate is obtained by the following equation

nd3
_ZB =

("ZG‘ZR‘ ) (2.10)

Mz

i=1

Using the least-squares method, the linear interpolation equation for the time variation of zp
was produced, and the slope of the equation was determined to be V5.

Since the present experiments dealt with dissolving CO2 bubbles with volume change,
it was difficult to directly estimate the uncertainties in d and V3. Hosoda et al. [7] obtained

experimental data of d and V for 250 air bubbles rising through clean water in the range of 5
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<d <25 mm in vertical pipes of D = 12.5, 18.2 and 25.0 mm and showed that the uncertainties
in d and V3 estimated at 95% confidence were +2.1% and +0.2%, respectively. The present
experiment adopted the same method verified by Hosoda et al. for the camera settings such as
the spatial resolution of images and the light sources; that is, the uncertainties in d and ¥ in the

present experiments are regarded as the same degree as those in their experiments.

60 .

O Measured

— linear regression

1 I 1 I 1
0 0.5 1 1.5 2

T [S]

Fig. 2.4 Measured axial position of CO> bubble in pure water

2.2.4 Mass transfer coefficient calculation method
The rate of decrease in d was utilized to evaluate &z and Sh. The rate of change in CO2

moles inside a bubble is given by

dn
E = —k, Ap (Cint - Co) (2.11)

where 7 is the moles, ¢ is the time, 4z (= md®) is the bubble surface area, Co is the CO;
concentration in the liquid phase, and Ci is the concentration of CO; at the bubble interface.
The Coin Eq. (2.11) can be neglected since the concentration of CO» in the liquid phase is much

smaller than C;,; which is calculated by Henry’s law:
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P(2)X = C'—Hcoz (2.12)

where P(z) is the pressure inside a bubble, X is the mole fraction of CO> in the gas phase,
which is assumed to be unity, and Cy is the molar concentration of water in the solution (55.4

kmol/m?). The P(z)is calculated by

4o
P(z) = Patm+pLg(L0_Z)+7 (2.13)

where P, 1s the atmospheric pressure, g is the acceleration of gravity, and the surface tension
effect in P in the third term is very small and was neglected in Eq. (2.13). Substituting Eq.
(2.12) into Eq. (2.11) yields

1 Hepy, — P(z)dn
nd? CyP(z) dt

ky = — (2.14)

The dn/dt can be expressed as the following equation by assuming that CO; is an ideal

gas:

dn 7w d(P(2)d?)

— = (2.15)
dt 6RT det
where R is the universal gas constant. The d(P(z)d’)/dt was evaluated as
d(P()d®) Py} - Pid] (216)

dt t,—t;
where the subscripts 1 and 2 represent the start and end time of a recording period of a single

bubble, respectively.
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— linear regression

5 1 ] 1 ] 1 ] 1

|
0 05 1 15 2 25

T [s]
Fig. 2.5 Measured diameter of CO; bubble in pure water

The mass transfer coefficient can be evaluated by the following equation:

o _ (oo = P)(Pod} — i)
t 6RT (t, — t1)di,Cy Py,

(2.17)

where the subscript 12 represents the mean value between ¢#1 and £, i.e. P12 = (P1 + P2)/2 and

di2 = (d\ + d2)/2 as shown in Fig. 2.5.

2.3 Mass transfer of a single bubble in an aqueous sodium hydroxide
solution 1n a vertical pipe
2.3.1 Bubble shape and velocity

In the experiments, d ranged from 5 to 17 mm, and therefore, the range of the diameter
ratio, A (= d/D), was from 0.4 to 1.4. The shapes of CO> bubbles in water and in the NaOH
solution at pH = 13 are compared in Fig. 2.6. Regardless of the presence of NaOH, ellipsoidal
bubbles (Fig. 2.6 (a)) showed shape fluctuation and wobbling motion. At the interface of semi-
Taylor bubbles of A =0.75, capillary waves are seen under both conditions (Fig. 2.6 (b)). In the
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Taylor bubbles of a larger A (=1.2), capillary waves are more clearly seen in the tail region.
Figure 2.6 (c) confirms that the presence of NaOH in the solution had no effect on the shapes
of Taylor bubbles.

(a) Ellipsoidal bubbles (d = 6.3 mm , A = 0.5)

(b) Semi-Taylor bubbles (d = 9.4 mm , 4= 0.75) (c) Taylor bubbles (d~ 15.0 mm, A ~ 1.2)

Clean water NaOH Clean water NaOH
[OH]=10"M [OH]=0.1M [OH]=10"M [OH]=0.1M
pH=7 pH=13 pH=7 pH=13

Fig. 2.6 Shapes and rise velocities of bubbles

0.2
0.18— —
[OH"]; pH
i [mol/L] T
0.16— o110 7;7 _|
— %*0.01 ;12
g i A 0.018;12.25 7
=0.14— 00.032;125
> i Vv 0.063;128 |
+ 0.08 ;12.9
0.12 01 ;13 —
i X 0.14 ;13.15 |
0.1+ —
0.08 ' '
0 20

Fig. 2.7 Rise velocities of bubbles
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The bubble velocities are shown in Fig. 2.7 which classified into three regimes:
ellipsoidal, transition, and Taylor bubble regimes. As d increases, the bubble shape in the
transition regime changes from ellipsoidal to Taylor bubble or so-called semi-Taylor bubble.
The bubble diameter at the transition from ellipsoidal to semi-Taylor bubbles [9] is shown by
dr in the figure. Due to the wall effect, V3 in the ellipsoidal bubble regime decreases as d
increases, but V'3 in the Taylor bubble regime is independent of d. In the transition regime, there
is a complicated relationship between Vz and d. The presence of NaOH had no effect on Vz
under all conditions. Therefore, the behavior of bubbles at the current concentrations of

aqueous NaOH solutions is comparable to that of bubbles in pure water.

2.3.2 Mass transfer coefficient and enhancement factor

Fig. 2.8 shows the mass transfer coefficients against the bubble diameter. The k; of
ellipsoidal bubbles in clean water (pH = 7) decreases with increasing d, while &z is nearly
constant in the Taylor bubble regime. The k7 at pH = 12 are identical to those at pH = 7,
indicating that for pH < 12, physical absorption continues to outweigh chemical absorption.
While &, of semi-Taylor and Taylor bubbles at pH = 12.25 is slightly larger than at pH = 12,
the ellipsoidal bubbles at pH = 12.25 also have &; similar to those at pH = 7. When pH is raised

above 12.25, the data for &z in aqueous NaOH solutions increases as pH increases.

8 I I I

k. [x 10™ m/s]
N
I

2 -
Transition
Elllipsoidal bubbles <! L >Taylor bubbles i
1 I 1 1 I I 1 I 1 I 1
0 5 10 15 20 25
d [mm]

Fig. 2.8 Mass transfer coefficients of bubbles
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> LD=21
) T T :I T I T | T

Transition O Clean water
N — Eq. (2.18)

k. [x 10™ m/s]

1 1 | 1

Fig. 2.9 Fitting equations of k{ (D = 12.5 mm)

The enhancement factor E' was calculated using &z of bubbles in the NaOH solution and
clean water. Since it was difficult to obtain data for the exactly same bubble diameter for both
ky and k2, a fitting equation for k) was created using the least-square method (Fig. 2.9). For
L/D <1, aparabolic curve is fitted, and for L/D > 1, a constant value is preferred. The equations

are then written as

K0 — {2.45d2 —0.06d+6x107% for L/D <1
L= 1233 x107° or /D>

(2.18)
where it is assumed that the constants have the proper units in order to make [m/s] the unit of
each term. A maximum deviation of 7.75% exists between the equations and the experimental

data.
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Fig. 2.10 Enhancement factor

In Fig. 2.10(a), the solid line represents E as predicted by Fleischer [10] which is

extracted from the two-film theory for a flat interface:
E =1+ 7x10""exp (1.98 pH — 10.6) (2.19)

The measured E at pH = 12 is nearly one, which is much less than the expected E (= 1.3). Both
measured and predicted E' show similar pH dependence, albeit measured E is much less than
expected E. Fleischer's model is based on the two-film theory for flat surfaces. In addition, the
flow at the interface and the oscillation of the interface that exists in reality are not taken into
account. In the case of a bubble, oscillation and capillary wave would increase the diffusion of
species at the interface during physical absorption, which contribute to the increase in ky. In
contrast, these phenomena do not exist at a flat surface. Therefore, k? is less for flat surfaces

than for bubbles. The measured E of a bubble is thus less than Fleischer's E.
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In Fig. 2.10(b), the measured E is plotted against d*, the dimensionless bubble diameter
d*=d/dr. E increases with increasing d*. As presumed, the surface area of bubble increases
with d*. Considering physical absorption, dissolved CO> at the bubble front region in clean
water flows down along the bubble interface and a thin concentration boundary layer of higher
CO2 concentration is formed [11] The development of the boundary layer, in other words, the
attenuation of the concentration gradient at the interface, hinders CO» dissolution from the
interface except for the front region of a bubble or the wake region where the vortex shedding
facilitates the renewal of CO; concentration [12]. In NaOH solutions, the CO; concentration in
the boundary layer is lower due to rapid chemical reaction of CO> molecules, which contributes
to the increase in CO; dissolution [13].The mass transfer coefficient is thus enhanced with
increasing the NaOH concentration and the bubble diameter. The increase rate of E with
respect to d* is not constant for all bubble shape regimes, i.e. the increase rate is larger for d*
< 1. As shown in Fig. 2.6(a), the transition of the shape from an ellipsoidal bubble to a semi-
Taylor bubble evolves in both radial and axial directions, while that from a semi-Taylor bubble
to a Taylor bubble evolves only in the axial direction. The larger increase rate of the interfacial
area for d* < 1, therefore, contributes to the larger increase rate of E on d*.

Using nonlinear multiple regression, the following enhancement factor correlation was

developed in terms of d* and pH:

F= {1 + exp(2.98 pH + 1.04d" — 39.7) ford*<1

1+ exp(2.69 pH + 0.40d" — 35.3) for1<d*<18 (2.20)

This correlation consists of two equations to take into account the change in the dependence
on d* at d* = 1 shown in Fig. 2.10(b). Enhancement factors obtained using Eq. (2.20) are
compared with the data in Fig. 2.11. The comparison showed good agreement, with 93% of the

predicted E falling within 10% margins of error.
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Fig. 2.11 Measured and calculated E using Eq. (2.20)

Sh was calculated from the measured k;z. For a spherical bubble, the S# in clean water
can be expressed as Sh = aPe'? [14], where a is a bubble-shape dependent constant, Sh is

defined by

k,d
Sh = —~ (2.21)
Dco,
and Pe is the Peclet number defined by
Vpd
Pe = =2 (2.22)
Dco,

An empirical Sh correlation was proposed by Hosoda [7] for CO> bubbles in clean
water. In this correlation, the constant « is expressed as a function of A (= d/D). However, Hori
et al. [15] found that a cannot be easily defined as a()), and instead, the expression d* (= d/dr)
is more appropiate for a. This is due to the fact that dr increases with decreasing D, which

12

means that a does not always offer the same Sh/Pe’’” in the transition phase for pipes with
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different diameters. As a result, Hori et al. presented the following correlation, which is

applicable to ellipsoidal and semi-Taylor bubbles in water with L/D < 1:

2 2
—(0.34d** 4+ 0.28d* + 1) VPe ford*<1

siho = i ) (223)
(0.18d* + 1.6) VPe for d*>1

In Fig. 2.12, the observed Sh/Pe'’? of ellipsoidal and semi-Taylor bubbles for L/D < 1

12 with an

are shown versus d*. The data that were collected show that there is a rise in Sh/Pe
increase in pH. This indicates that there is an enhancement in mass transfer as a consequence
of a chemical absorption. The values that were derived by applying Egs. (2.1), (2.20) and (2.23)
agree well with the data that were provided for each pH and d* Fig. 2.13 also shows a
comparison between the calculated and measured Sh. 80% of the data are assessed with errors

that are less than 10%.

6 T | T T T | T | T

S Ef;/_L]] i X § i?@é 7

B 0.01 ;12 T
2 4 Aooeiizzs X " oo -
T 3p Yo o ﬁ) o §w -
[9%) B i : 7]
2_— <><>g.114 ;12.15 E ﬁ %Vﬁ%ﬁ Eﬁ E —_

1 Black symbols : experimental data ]
- Red symbols : Egs. (2.1), (2.20), & (2.23) -

1 | 1 | 1 | 1 | 1 | 1
(8).2 0.4 0.6 0.8 1 1.2 1.
d*

Fig. 2.12 Sh/Pe? vs. d*
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Fig. 2.13 Comparison between measured and calculated Sh

For Taylor bubbles with L/D > 1, the following Sherwood number correlation in clean

water was proposed by Filla [16]:

ShY = 5.1(L/D)°8,/Pe, (2.24)

where Shp’ and Pep are the modified Sherwood number and the modified Peclet number

defined by

ki Ag
ShY =
D Deo,D (2.25)
and
VgD
Pep = , (2.26)
Dco,
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respectively. The L/D can be evaluated by using the following correlation proposed by

Nakahara and Tomiyama [17]:

L/D = (al + 2a2/1 + 4‘a312)l (227 )

where the coefficients a;, a, and as are given by

a; = min (9.39 x 10~5Re, + 0.586,7.20 x 10-°Re, + 0.722)
a, = 5.93 x 10~11Re? + 5.95 x 10~Re, — 0.108 (2.28)
a3 = —206 X 10_7R€L + 0211

Due to the fact that the liquid volumetric flux is zero in this experiment, the liquid Reynold

number, denoted by the notation Rey, is equal to zero. As a result, Eq. (2.27) is simplified to
L/D = (0.586 — 0.2164 + 0.8441*)7 (2.29)
Shp/Pep'? is shown against L/D for L/D > 1 in Fig. 2.14. Shp/Pep"? values increase

with increasing pH and L/D. Eq. (2.24) was coupled with Eq. (2.20) to evaluate the Sherwood

number considering chemical absorption, Sip:

Shy, = E Sh (2.30)

This equation well reproduces the dependence of Shp/Pep'’? on pH and L/D as shown in Fig.

2.15, where 74% of the data are within 10% error margins.
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Fig. 2.15 Comparison between measured and calculated Sip
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2.3.3 Applicability of enhancement factor correlation to bubbles in larger pipe
diameter

Further observation of bubbles in three different NaOH concentrations in a pipe of D =
18.2 mm was carried out to confirm the applicability of Eq. (2.20), obtained for D = 12.5 mm,
to the larger D. Fig. 2.16 shows that bubbles with pH = 12.5, 12.8 and 13 have the same V5 as
pure water. The bubble velocity V3 is larger for D = 18.2 mm than D = 12.5 mm because A are
smaller. Fig. 2.17 shows the mass transfer coefficients for all bubbles in D = 18.2 mm. The
amount of data for L/D > 1 is limited since it's difficult to generate large d bubbles in the cup
during rapid dissolution, particularly at high pH. Chemical absorption boosts mass transfer at

D = 12.5 mm, however k; is nearly constant under the Taylor bubble regime D = 18.2 mm,

even at high pH.
0.22 T T | T
| [OH™]; pH |
0.2 [mol/L]
- o 107 : 7 -
B m0.032; 125 |
0.18 V¥ 0.063;12.8

Vg [m/s]
©
>
I

0.14 i
0.12 __ Elllipsoidal bubble§—i 4:—» Taylor bubbles __
- dr =11.5mm Transition ]
01 L | L | : I : | ] | ]
0 5 10 15 20 25

d [mm]

Fig. 2.16 Rise velocity of bubbles in D = 18.2 mm
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Fig. 2.17 Mass transfer coefficient of bubbles in D = 18.2mm

As in the bubbles in D = 12.5 mm, the enhancement factors of bubbles for D = 18.2
mm were calculated by comparing k; in the NaOH solution with approximated kg which

provided by using the least-squares method shown in Fig. 2.18. k) for D =18.2 mm is fitted as
k? = 0.36d? — 0.017d + 4 x 10™* (2.31)

The maximum deviation between the equation and the experimental data is 14%.
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Fig. 2.18 Fitting equations of k? (D = 18.2 mm)

The fact that the measured E for D = 18.2 mm shown in Fig. 2.19 are almost the same
as those for D = 18.2 mm suggests that the dependence of E on d is not affected by the pipe
diameter. Due to the high Pe (3.6 x 10°—1.4 x 10°), the concentration boundary layer formed at
the bubble interface is extremely thin. As a result, a change in D does not influence the mass
transfer in the boundary layer, and the pH effect in Eq. (2.20) is valid for both D. Although the
shape and motion of a bubble are both influenced by D, the dimensionless diameter 4* may be
used to define both. Because of this, the term d* in Eq. (2.20), which is supposed to represent
the bubble size effect, works quite well. As can be seen in Fig. 2.20, the enhancement factor
correlation yields a good agreement and 91% of the data for D = 18.2 mm are contained within

an error range of + 10%.
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Fig. 2.19 Enhancement factor for each d*
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Fig. 2.20 Measured and calculated E in D =12.5 and 18.2 mm
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Comparison between the Sh correlation Egs. (2.1), (2.20) and (2.23) and the data of D
= 18.2 mm is shown in Fig. 2.21. The dependence of Sh/Pe'’? on d* is well reproduced by the
correlation. As shown in Fig. 2.22, the Sh correlation can evaluate 88% of the data with errors

less than £10%.
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Fig. 2.21 Sh/Pe'? vs. d* (D = 18.2 mm)
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Fig. 2.22 Measured and calculated S in D = 18.2 mm
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Fig. 2.23 Shp/Pep"? vs. L/D in D = 18.2 mm
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Fig. 2.24 Comparison between measured and calculated Spin D = 18.2 mm
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Although the data for L/D > 1 are limited, Fig. 2.23 shows Shp/Pep'’? versus L/D for D
= 18.2 mm. For pH = 12.5 and 12.8, Shp/Pep'? values increase with increasing pH and L/D.
The combination of Egs. (2.20), (2.24), (2.27), and (2.30) gives good evaluation as shown in

Fig. 2.24, i.e., where 95% of the data are within 10% error margins.

2.4 Conclusion

Single CO> bubbles rising through a vertical pipe filled with a NaOH solution were
measured to understand the effects of pH and the bubble diameter d on the enhancement factor
E. The experiments were carried out for a wide range of the dimensionless bubble diameter A
which is the ratio of the bubble diameter to the pipe diameter, 0.4 <A < 1.4, and for the sodium
hydroxide concentration, 12 < pH < 13.15. Appendix B tabulates all the data, which would be

of use for validation of numerical methods. The conclusions obtained are as follows:

1. E for 7 < pH < 12 is almost unity, i.e. the presence of NaOH does not affect the
mass transfer due to low concentration, while the measured E increases with
increasing both pH and d for pH > 12.25.

2. The enhancement factor model based on the two-film theory and a flat interface
(Fleischer et al., 1996) is not applicable to ellipsoidal and Taylor bubbles.

3. The proposed empirical correlation of E for single bubble of 0.4 <A <1.4 and 7 <
pH < 13.15 gave good agreement with 93% of the data to within £10% errors. The
correlation was also applicable to D = 18.2 mm.

4. The measured Sherwood numbers can be evaluated by combining the proposed E
correlation and available correlations of the Sherwood number without chemical

reaction.
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Chapter 3

Application of Physical Absorption
Mass Transfer Correlation for Single
Bubble to Bubble-Slug Flow in
Vertical Pipe

3.1 Introduction

In Chapter 2, the effects of chemical absorption on the mass transfer of a single carbon
dioxide (CO>) bubble in a vertical pipe was investigated, and a correlation equation for
predicting mass transfer was developed. In a previous study, Abe [1] extended the mass transfer
correlation for a single CO> bubble to a system with multiple bubbles and obtained a good
prediction. Therefore, the single-bubble correlation may be used to estimate mass transfer in
multi-bubble systems containing liquid phases other than water. Before applying the
enhancement factor proposed in the previous chapter to multiple bubble systems, it would be
necessary to examine whether we can obtain good prediction for mass transfer in multiple
bubble systems with various kinds of physical absorption.

Hence, in this chapter, physical absorption in bubble-slug flows in a vertical pipe was
numerically simulated under three different conditions: pure water system (Case 1), a system
with electrolyte, NaCl (Case 2), and a system including surfactant and electrolyte, NaCl-1-
octanol mixture (Case 3). Mass transfer correlations proposed in previous studies for each
scenario [2,3] were implemented into a three-dimensional one-way bubble tracking method
[4,5]. In addition, experiments on bubbly-slug flows in a vertical pipe were carried out, and the

collected data were used to validate the extended numerical method.

3.2 Experiment and measurement method

3.2.1 Experimental condition
The experiments were performed using pure water (Case 1), an aqueous sodium

chloride solution (NaCl) with concentration of Cy = 14 wt.% (Case 2), and an aqueous NaCl-
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1-Octanol mixture with a surfactant concentration of Cso; = 0.17 mol/m® and Cy = 14 wt.%
(Case 3). Fig. 3.1 shows the measured c at the interface between an air bubble and NaCl-1-
octanol mixed aqueous solution by using a pendant bubble method [6] for several concentration
conditions (Cyser [mol/m?], Cy [wt.%]). Due to the surface inactive effect of NaCl, the surface
tension in Case 2 is slightly higher than in Case 1. In Case 3, the value of ¢ is almost the same
as the 1-Octanol aqueous solution of Cs,; = 0.77 mol/m> where the bubbles are sufficiently
contaminated (dashed line in Fig. 3.1: 6 = 0.051 N/m). Therefore, Case 3 can be used as the

case contaminated by NaCl and 1-Octanol.

0080 T T T T | T T T T T T T T | T T T T

£ .
R S B
s | T
0.050  Cgo [mol/m?] § -
X 0
- @ 0.17 -
A 077
0040 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 5 10 15 20

Cy [Wt.%]

Fig. 3.1 Interfacial tension between NaCl-1-octanol mixed aqueous solution and air

Table 3.1 Experimental conditions

Case Csol Cy ReL Jr Je c pL prx1073 Sc
[mol/m?] [wt.%] [m/s] [m/s] [N/m] [kg/m’] [Pa‘s]

Case - 0 0 7000 0250 0.120 0072 997 089 420
Pure water

Case 2 :

aqueous  NaCl 0 14 7000 0299 0.120 0.076 1095 .17 712
solution

Case 3

aqueous NaCl-1- ¢ 17 14 7000 0299 0.120 0.052 1095 117 712
octanol mixed

solution
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Table 3.1 shows the experimental conditions. J; [m/s] is the volume flux of the liquid
phase, Jg [m/s] is the volume flux of the gas phase, and Re; is the Reynolds number of the
liquid phase defined by

_ pLLD

Re
L 293

(3.1)

Here, p. [kg/m?] is the liquid phase density, p. [Pa.s] is the liquid viscosity, Csar [mol/m?] is
the solubility of COz in the liquid phase, and D, [m?/s] is the diffusion coefficient. The
experiment was performed at the same Re;, = 7000 and Jg = 0.12 m/s as Tamai's experiment
using air and water [5]. Sc is the Schmidt number, which is a dimensionless number

representing the ratio of viscosity to diffusion.

_ u
pLD;,

Sc (32)

Since the amount of 1-octanol added was very small (O (10?) wt.%), The physical
properties of NaCl solution were used in case 3. p. was measured using a standard hydrometer
(JISB-1525), and p. was measured using a tuning fork vibrating viscometer (A & D
Corporation, SV-A10).

Tables 3.2 show the liquid phase properties and transport coefficients [7,8] of COo,
nitrogen (N2), and oxygen (O,) under each condition, where Cs, [mol/m’] is the gas

concentration at the bubble interface, C;, [mol/m?] is the gas concentration in the liquid phase

and D, [m?/s] is the diffusion coefficient.

Table 3.2 Gas phase transport coefficients (298 K) [7,8]

Csar [mol/m?] Cr [mol/m?] Dy x 10? [m?/s]
COz N> O CO2 N> 0> CO2 N> )]
Case 1 340 0.66 1.3 0.011 0.51 0.27 1.90 2.00 2.30
Case 2 19.4 0.29 0.7 0.006 0.22 0.15 1.50 1.58 1.82
Case 3 19.4 0.29 0.7 0.006 0.22 0.15 1.50 1.58 1.82
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3.2.2 Experimental setup

Fig. 3.2 shows an outline of the experimental setup. For the test part, an acrylic resin
vertical circular pipe of inner diameter D = 25.0 mm and a length of 5000 mm was used. The
external shape of the imaging unit was made rectangular to reduce optical distortion generated
on the wall of the pipe.
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SN —{ ) Reservoir
—~(O——

Pump
Fig. 3.2 Experimental setup

The liquid phase was supplied by the pump (Iwaki, MD-30FX-N) and flowed from the
lower part of the test section through the flow meter (Nippon Flowcell, NSP-5). The liquid
temperature T was kept at 25+1.0 °C. Carbon dioxide (CO2: Sumitomo Seika Co., Ltd., purity
99.9 vol.%) was used for the gas phase. CO2 was supplied from the gas cylinder, depressurized
to 0.2 MPa by the regulator (CKD, R600-20), and then flowed from the bottom of the test
section through the flow meter (KOFLOC, 8500MC) and the bubble inlet. The bubble inlet
was a gas sparger consisting of a circular pipe with four orifices on the underside to distribute
the flow rate uniformly [9]. The diameter of the sparger was 5 mm. The diameter of each orifice
was 1 mm, and the spacing between consecutive orifices was 5 mm. The level of liquid surface

was kept constant by overflowing and draining the liquid phase to assure a constant static
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pressure in the test section. The channel was opened to the atmosphere to keep the CO»
concentration in the liquid phase flowing into the test section constant. Hereafter, z [m] and »
[m] will be referred to as the vertical coordinate measured from the sparger position and the

radial position from the pipe axis, respectively.

3.2.3 Measurement method of bubble diameter and time average local void
fraction

Flow observation was performed using a high-speed video camera (Integrated Design
Tool, Motion Pro X-3) to observe the flow state and measure the bubble diameter distribution.
The recording conditions were the frame rate of 500 frame/s and the resolution of 0.10
mm/pixel. A fluorescent light source was used as the light source, and it was placed directly
opposite to the camera with the test section and diffuser for light diffusion interposed. 500
bubbles passing through each section were extracted from the flow image, and image
processing was performed to calculate the bubble diameter d [m]. The method described in
Section 2.2.3 was used to calculate d. Since the image was taken from one direction, the bubble
section was assumed to be circular in this measurement. The measurement error of d was
15.0%.

The radial distribution of the time-averaged local void fraction ag was measured using
the point electrode probe method [10—12]. The point-electrode probe method is a method of
detecting phases based on the difference in electrical conductivity between the gas phase and
the liquid phase, and can measure local quantities [12] This method determines the phase based
on the difference in electrical conductivity between the gas and liquid phases; however, pure
water has a very low electrical conductivity, making phase identification difficult. Therefore,
in Case 1, 1.0 wt.% tap water was added to the water purified by Millipore (Elix 3.0).
Preliminary experiments have confirmed that the addition of a small amount of tap water does

not affect mass transfer.
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Fig. 3.3 Point electrode probe measurement system

Fig. 3.3 shows the point electrode probe measurement system. The measurement
system consists of the point electrode probe, the electric circuit, the data logger (Yokogawa
Electric Corporation, WE7000), and the computer. The platinum wire 100 um in diameter
connected to a conductor was passed through the stainless-steel tube of 2.1 mm outer diameter,
and all parts except the tip of the platinum wire were insulated with enamel paint. The tip of
the platinum wire and the conductor placed below the gas phase inlet acted as electrodes, and
the voltage across the resistor (2 MQ) in the figure was captured by the computer through the
data logger. The sampling rate was 20 kHz. For accurate local void fraction measurement by
the point electrode probe method, the tip of the probe must be sharp enough so as not to
interfere with bubble motion. To obtain a signal with a high signal-to-noise ratio (SNR), a
resistor was attached between the data logger and the probe and its resistance value was
adjusted. In this experiment, the resistance was set at 3.9 MQ to obtain a voltage signal with a

high SNR.
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The voltage signal was binarized to 1 for the gas phase and 0 for the liquid phase using
two-point multiple threshold discrimination [13]. ac was calculated from the binarized signal

B(¢) using the following equation

t1+tym

ag = — B(t)dt (33)

ty Ji,

where 7 [s] is the time, #)/ is the measurement time, and # is the measurement start time. In this

experiment, )7 was set at 300 s, which is the time at which ag converges sufficiently.

3

& °
Void probe \\ov 1, Micrometer
o ° C QL s
O, —
o
o

i

Fig. 3.4 Void fraction measurement

Fig. 3.4 shows a schematic of the measurement section. The measurement section
consists of the transparent acrylic resin tube for measurement, the void probe, and the
micrometer. The inaccuracy in the r-coordinates of the measurement spots was reduced by
using the void probe bent at a straight angle. The micrometer was used to move the void probe
to the measurement point in the r-direction. Measurements were taken at four cross sections
(dashed lines in Fig.3.2) in the vertical position z = 0.8-3.8 m, at intervals of 1.0 mm in the r
direction, for a total of 13 points. Preliminary experiments confirmed the axisymmetricity of
the radial o¢ distribution at each measurement section and the measurement error by this

method was to within £2.1 %.
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3.3 Bubble dissolution data of gas-liquid two-phase bubble flow in a
vertical pipe
3.3.1 Bubble diameter distribution at inlet and flow pattern

Bubble diameter distributions at the bubble inlet are required as the inlet boundary
condition for bubble tracking simulation. Therefore, the bubble diameter distribution was
measured immediately after the bubble inlet (z <50 mm). Fig. 3.5 shows the measurement
results. The horizontal axis in the figure represents the bubble diameter d classified by a width
of 0.5 mm. The probability density function (pdf) of d for 3 <d <4 mm in Case 1 and 2 are
larger than in Case 3. The measured bubble size was used as the inlet condition for bubble

tracking simulation.
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Fig. 3.5 Inlet bubble diameter distribution

Fig. 3.6 shows bubbly flow images. For comparison, a bubble image of a pure water-
air system is also shown in the same figure. The flow state of bubbles in a vertical pipe differs
greatly depending on the presence or absence of mass transfer. In the clean water-air bubble
flow without mass transfer, bubble clusters are formed, and bubbles that have grown to large
bubbles by coalescence of bubble clusters repeatedly merge with other large bubbles and small

bubbles entrained in the wake, and grow to larger bubbles. Cases 1-3, which involve mass

51



Chapter 3

transfer, show flow fields with a sparse bubble distributions along the pipe axis. Because
bubbles dissolve before reaching d > dr, the diameter at which they turn into Taylor bubbles.
The bubble diameter downstream is the smallest in Case 1 and the largest in Case 3. Since the
kr of bubbles in the contaminated system is significantly lower than that in the clean system,

Taylor bubbles are generated by bubble coalescence at z =4.0 m in Case 3.

Pure water-air system Case1: Pure water-CO, system
Case2: NaCl solution- CO, system Case3: NaCl-1-octanol mixed aqueous solution-
CO, system

Fig. 3.6 Flow pattern for each cases
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3.3.2 Radial void fraction distribution and bubble diameter distribution

The measurement results of a.¢ and bubble diameter distributions at each measurement
position in the vertical direction are shown in Figs. 3.7 and 3.8. The left figure is the results of
o distributions with the horizontal axis representing the » coordinate normalized by the pipe
radius Rp [m]. Meanwhile, the right figure is bubble diameter distributions with the horizontal
axis representing d classified by a width of 0.5 mm, and the vertical axis represents the total
bubble volume @5, [m?] to the total gas volume of each bubble class.

In Case 1 (Fig. 3.7), the o distribution, which is a core peaking distribution with the
peak in the center of the pipe in the upstream part, transited to a wall peaking distribution with
the peak near the wall as going downstream. It is known that in a clean water-air bubble flow
in a vertical pipe, the direction of lift acting on the bubbles is directed toward the pipe wall
when d <5 mm, and toward the pipe center when d > 5 mm [14]. According to the measured
bubble diameter distribution, there are many bubbles of d > 5 mm immediately after the inlet,
but the number of bubbles with d < 5 mm increases toward the downstream. In other words,
the reversal of the direction of lift due to the decrease in d is the cause of the transition of the
o distribution. On the other hand, in Case 2 (blank square symbol in Fig. 3.8) the core peak
is maintained down to the downstream. This is because the bubbles in the NaCl aqueous
solution have a lower &; than the bubbles in pure water, so that the bubbles expand and coalesce
due to the decrease in hydrostatic pressure faster than the d decrease due to dissolution. A
similar tendency was observed in Case 3 (blank triangle symbol in Fig. 3.8). In addition, as
shown in the flow state observation results in the previous section (Fig. 3.6), Taylor bubbles of
d > dr that are not generated in Case 1 and Case 2 (dr = 15.2 mm) are generated by bubble

coalescence in Case 3 (dr = 13.8 mm) because of much lower k; than other cases.
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3.4 Three-dimensional one-way bubble tracking method

The bubble tracking method predicts bubble flows in a Lagrangian manner. Since the
local variables such as the bubble diameter, velocity, and position of each bubble in the flow
field are directly obtained as dependent variables, the volume fraction of each phase and the
gas-liquid boundary area are calculated without numerical diffusion. Therefore, it is an
effective method for predicting bubble-liquid mass transfer [1]. A model or solution of the
equation of liquid motion is used for the liquid flow field around the bubble. The method of
using a model of the liquid flow field is called one-way bubble tracking method [15,16]. In this
section, we incorporate the mass transfer correlation into the three-dimensional one-way

bubble tracing method proposed by Tamai et al [5].

Spherical Ellipsoidal & cap Semi-Taylor & Taylor

o - A

d<de de<d<d; dr<d

Regime 1 Regime 2 Regime 3
Fig. 3.9 Bubble shape considered in bubble tracking method [2,3]

As shown in Fig. 3.9, bubbles are classified into three shapes, i.e., spherical (Regime
1), ellipsoidal and cap (Regime 2), and semi-Taylor and Taylor bubbles (Regime 3) according
to the bubble diameter d [4,5]. Bubbles are spherical when d < dr [m], where dE is obtained

from the following equation [14].

32 |Eo3 4
BN _ g (3.4)

81A2\ M ~ Eo

where 4 is a constant with the value 16 for a clean system, and 24 for a contaminated system.
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The E6tvos number Eo and the Morton number M are defined by.

Apgd?
Eo =29 (3.5)
g
Apgu*
M=—75 (3.6)
pPro

Here, Ap [kg/m?], g [m/s?], and 6 [N/m] are the gas-liquid density difference, the gravitational
acceleration, and the interfacial tension, respectively. The aspect ratio £ of an elliptical bubble

(de £ d <dr) gives a random value between the lower limit £, and the upper limit Ejuqx [17]

given by.

Epmin = max (1 + 0.016E01?Re; 0388 ,0.45) (3.7)

1
E =
maxX 14 0.16E0°%76

(3.8)

The bubble changes to a Taylor bubble when d = dr. The dr of the clean system and the
contaminated system are 15.2 mm and 13.8 mm [18] at D = 25.0 mm, respectively. The form

of a large bubble is represented using the shape function [19] given by

rr* = 0.9 — (z7*%7 + 0.91/%)@ (3.9)
=z = (3.10)
a = min(3.26 X 10™* Re, — 2.83, 2.29 x 107> Re;, — 2.36) (3.11)

Here, 7 [m] is the radial position of the bubble interface, and z7 [m] is the vertical downward

distance from the bubble tip (Fig. 3.9).
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3.4.1 Regime 1 and 2 (Spherical, ellipsoidal and cap bubbles)
The motion of spherical, ellipsoidal and cap bubbles (regime 1 and 2) are predicted

using

av av
(pG+CVMpL)d—tB=CVMpLd—tL+FD+FL+FF+FW+FB (3.12)

where pg [kg/m?] is the gas phase density, Cyu is the virtual mass coefficient, Vs is the bubble
velocity, V7 is the liquid phase velocity, Fp [N] is the drag force, F; [N] is the lift force, Fr
[N] is the force causing non-rectilinear motion, F [N] is the wall force, and Fz [N] is the
buoyancy force.

In the evaluation of the drag Fp, the following equation [19] taking into account the

effect of the pipe wall is used.

3
Fp =_ECDCDO\)levB_VLl(VB_VL) (3.13)
where Cp is the drag coefficient for a single bubble in an infinite stagnant liquid and ®(}) is

the wall effect multiplier given by

®(A) = max{ 1, 4[1.13exp(—1) + (1 — 22)!°]7%} (3.14)

where A (= d/D) is the diameter ratio. The V7 of a clean single bubble can take various values
depending on the instantaneous bubble shape as well as the physical properties and bubble
diameter [20]. Therefore, Cp is given as a uniform random value between lower limit value
Cpmin and the upper limit value Cpmax for Cases 1 and 2 with a bubble diameter range 1 <d <

5 mm:

c _ (48 8Eo > 315
Dpmin = Max Re’3(Eo + 4) (3.15)
7(Eo + 1.5)
=—= (3.16)

C =
bmax = 3(Eo + 4)
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where Re is the bubble Reynolds number defined by

_ pLlVg =V, |d
My

Re (3.17)

Bubbles are fully contaminated in Case 3, and therefore, Cp = Cpmax. For all the cases,

Cp for d > 5 mm is given by

Cp = 8Eo 3.18
P 3(Eo + 4) (3.18)
The following equation [21] is used for F;.
FL = _CLipL(VB - VL) X I‘OtVL (319)
where Cy; is the lift coefficient given by
C. = {min[0.288tanh(0.l2l Re), f(Eoy)] for Eoy <4 (3.20
Le= f(Eoy) for otherwise 20)
f(Eoy) = 0.0011E07 — 0.016E03 — 0.020E0, + 0.47 (3.21)
Apgds
0y = —P8CH (3.22)

Eopy 1s the E6tvos number whose representative length is the major diameter dy of the bubble.

The C;, correlations proposed for clean bubbles are applicable to Cases 1 and 2. Hayashi
and Tomiyama [22] pointed out that C; correlations for clean bubbles are also applicable to
contaminated bubbles, provided that Eop is evaluated for the adsorption-desorption equilibrium
and the Hatta number is large. Therefore, the correlation Eq. (3.20) would also be applicable
to bubbles in Case 3.

The following centrifugal force is used for Fr to take into account spiral and zigzagging
motions of bubbles [23, 24].

FF = (pG + CVMpL) S (1)2 (Sina)t61 + Coswtez) ( 3.23 )

59



Chapter 3

where e and e> are unit vectors orthogonal to each other in the horizontal plane, and e> = 0 in

the zigzagging motion

s = (=218t + 2.7)d (3.24)

2w|(Ve —V;)'n
W = I(B L) let

— (3.25)

Here s is the amplitude [m] and ® is the angular velocity [rad/s] of the bubble oscillating
motion. n; is the unit vector pointing vertically upward. The Strouhal number St is given by

. 0.67 i i
St={mm(0.09, 0.057 Eo™®") for spiral motion (3.26)

0.09 for zigzagging motion

It is assumed that 90% of the bubbles at the inlet are helical and 10% are zigzagging.
Furthermore, a zigzagging bubble changes its morphology to a spiral motion with a 90%
probability when it collides with another bubble or the pipe wall.

The following correlation is used for the wall force Fy [25]
PL 2
FW:CW7|(VB_VL)'HZ| n, (3.27)

1
Cw = —0.05d(= +

o —(D )2 (3.28)

where Cy is the wall force coefficient and n, 1s the unit vector in the radial direction of the

pipe.
The buoyancy Fzis evaluated by

Fg = (&pL — pe)g (3.29)

where § is a parameter to account for the fact that there is no pressure gradient in the axial
direction in the descending free-falling liquid film around Taylor bubbles, & = 0 for small
bubbles in the descending film, and £ = 1 for other bubbles.

In order to consider the effect of the liquid phase fluctuation velocity due to shear-induced

turbulence and bubble-induced turbulence on the movement of small bubbles, the following
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equation that considers velocity fluctuations is used when computing the bubble position at a

new time:

x(t+ At) = x(t) + (Vg + V)AL (3.30)

where, x [m] is the bubble position and ¥~ [m/s] is the velocity fluctuation due to turbulence.

V” is evaluated by the following formula considering the liquid phase turbulence scale.

V' =BsVs + BeiVe (3.31)
Bsi = min (1, lys;/d), Bs; = Lnpi/d (3.32)

The subscripts S7 and Bl mean the shear-induced turbulence and the bubble-induced
turbulence, respectively, B is a coefficient indicating the degree of turbulence vorticity
influence on bubble motion, and /,, [m] is the mixture length representing the turbulence length
scale. Since no shear-induced turbulence occurs under laminar flow conditions, only the
bubble-induced turbulence is considered. The following models are used for lus; and /ns;

respectively [26,27]

lms’—006(r)4 008(r)+014 (333)
RP —_— . RP . RP . .

Vs’ and Vp;” are random variables following the normal distribution:

FAV'D = @r)V2exp(—(IV'| — V)?/28%) (3.35)

V’is the mean value and ( is the standard deviation. The standard deviation {s; of Vs’

is evaluated by the following formula by Laufer [28].

G = Voo {—035(1 — ) + 1.06} (3.36)

(o0 = Voo {—0.97(1 - %) +1.58} (3.37)
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Gz = Voo {—148(1 — ) +2.12} (3.38)

where, the subscripts 7, 0, and z denote the radial direction, circumferential direction, and
vertical direction, respectively. The typical terminal velocity Vzo of a bubble is evaluated by

the following equation.

Vpo = \/E[QU(PL —pg)/p?1%% (3.39)
On the other hand, regarding the standard deviation {s; of ¥y, it is considered that the bubble-

induced fluctuation velocity is smaller than Vo, so that (7= 0.3V [1]

3.4.2 Regime 3 (Taylor bubbles)

The large bubbles are assumed to rise in the center of the pipe, the vertical velocity Va
is evaluated by the sum of the liquid phase velocity CV7 at the pipe center, the bubble terminal
velocity V', and the wake velocity of a preceding large bubble V.

C = 1.18 + 0.32exp [0.0017(2300 — Re,) for Re,, > 2300 (3.41)

The terminal velocity V7 of semi-Taylor and Taylor bubbles are evaluated by using the

following correlation

V€
Frp= |——— (3.42)
0352t
where v, 1, € are defined as
-18.4
3.87
¥y = <1 + E01.68> (3.43)
D
1
=g (1 —-0.05\/Rep) (3.44)
D
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£ = 0.0025[3 + y] (3.45)

Here Rep and Eop are the the Reynolds number and the E6tvos number, respectively, defined

by

Rep = 3.46
p="r (3.46)
— D?
EOD — (pL pG)g (347)
o
Then Vr is calculated as:
— D
Ve = Frp (oL~ Pe)gD (3.48)
PL
The wake velocity Vi is calculated by using
( z \?
VeV —(V*—-1) (1 _L_) f@r)n, for0<Z<L,
m
Vy (1, 2) = V. (3.49)
v ! 5 f(r)n, for L, <Z
) o
D v
% Vmax 3
V= = 3.5 — 2.6exp (—2.34°) (3.50)
T

where Z is the distance from the tail of the bubble heading downward, V" is the dimensionless
value of the maximum rise velocity Vi in the wake region of the large bubble with V7. The

distance of L,, from the bubble trailing edge to the position where V.4 1s evaluated by

L
D

(3.51)

{/’1 - 0.4 for 0 <1<135
590exp(—5.54) + 0.6 for 1.35< 1

63



Chapter 3

The coefficient y is given by

_ {0.81/12 +021 for0<1<14 (3.52)
~ 58exp(—31)+1 for 1.4 < A '
and f{7) the radial factor is given by
nr
cosm for 0 <r <Ry
FM =y @-4/mRy®  r-Ry (3.53)
— >— sin n for Ry <r <Rp
RZ—Ry, Rp — Ry
where Ry is the radius of the updraft region in the wake:
Ry = (—0.025z/D + 0.67)Rp (3.54)

3.4.3 Liquid Velocity

The momentum equation of the liquid phase is not solved, while the liquid velocity is
given by a model, in which the presence of large bubbles affects the liquid velocity distribution.
The velocity field is divided into the following four regions: 1) undisturbed region, 2) large
bubble tip area, 3) liquid film region, and 4) large bubble wake region shown in Fig. 3.10. The

liquid velocity in region 1 is given by the 1/7th power law for single-phase flows.

V,.(r) =1.2V,(1 —r/Rp)"n, (3.55)

Region II is the tip region of large bubbles ranging from zr = 0.5D to —0.2D, and the
small bubbles existing in this region are pushed forward by the flow of the liquid phase induced
by the large cell motion or are caught in the liquid film flow around the large bubbles. In order
to take this into consideration, the liquid phase velocity distribution in Eq. (3.55) is
superimposed with the solution of the potential flow calculated by the boundary-fitted grid
method [4]. The liquid film region 3 is from z7 = —0.2D to the bottom edge of the bubble. The
film velocity in this region is assumed to be uniform and the velocity magnitude is determined

by the continuity equation.
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Uc +JRE — Vi - n,rp?

3.56
R}% _ T'TZ Z ( )

Vi.(2) =

rrin Eq. (3.56) is obtained using the large bubble shape function of Eqs (3.9) and (3.10). The
wake region 4 starts from Z = 0 and ends at Z= 16D. The liquid velocity in this region is given
by the linear sum of the liquid phase velocity distribution of Eq. (3.55) and the wake velocity
distribution of Eq. (3.49) in section 3.4.2.

Single Phase Flow

Undisturbed

Liquid film flow  TII

Large bupble vV
wake region

Wake Model

Fig. 3.10 Liquid phase velocity

3.4.4 Bubble coalescence and clustering

Small bubbles in a certain area (Az/D < 0.2) below the rear end of the large bubble are
regarded as clustered bubbles and rise at the same speed as the large bubble. Since clustered
bubbles may be detached from the wake due to factors such as vortex shedding and turbulence

[29], clustered small bubbles are also moved to the downflow region of the large bubble wake

with probability Pg1. P is given by.

6
Py, =10 {1 — 0.9exp l—0.1 (%) l}At (3.57)
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On the other hand, some of small bubbles flowing in the downflow region near the wall of the
pipe are entrained in the vortex behind the large bubble. Therefore, small bubbles existing in
the downflow area near the pipe wall are moved to the upflow area in the center of the pipe

with a probability Pg»:

6
Py, =2 {1 — 0.9exp l—0.1 (%) ]}At (3.58)

Bubble coalescence processes are classified into three elementary processes: bubble
approach, liquid film thinning, and bubble coalescence, and it is reported that each elementary
process depends on factors such as bubble size, relative velocity, and interface contamination
[30,31]. However, it is difficult to consider these various factors in a real flow field where many
bubbles interfere. Therefore, it is determined whether or not bubbles are coalesced by the
coalescence probability Pc.

The coalescence probability Pc should be modeled as a function of bubble diameter,
relative velocity between bubbles, turbulent velocity, contact time, contact area, etc. However,
at present, there is a lack of knowledge on the effects of these factors on bubble coalescence.
Therefore, in this calculation, Pc of small bubbles is evaluated as a function of At (Pc = CpAt).
Here Cp is an experimental coefficient, and a recommended value is given for a clean system,
1.e., Cp = 0.05 under this condition. Cp of the contaminated system cannot be evaluated with
the same value as that of the clean system due to the effect of the surfactant to suppress the
coalescence of bubbles [31]. In this calculation, Cp = 0.038 is set from a comparison of
photographed images of the flow state of the aqueous NaCl-1-octanol mixed aqueous solution-
air system and calculation results. Although the actual bubble coalescence process has some
time duration from the contact of bubbles to coalescence [32], this method assumes that the
bubbles coalesce and deform instantaneously. The volume-weighted average of both bubbles
is used for the position and velocity of the bubbles after merging. Pc = 1 is for large bubbles.
The bubble position after merging is calculated by fixing the tip coordinates of the preceding
large bubble. It is assumed that coalescence between small bubbles and large bubbles does not
occur at the tip and body of the large bubbles, so it occurs only in the bubble cluster at the rear
end of the large bubbles. That is, when the total volume of clustered small bubbles exceeds the

maximum packing (74.1%), all clustered small bubbles are merged with the large bubbles.
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3.4.5 Bubble dissolution and mass transfer

The rate of change in CO2 moles inside a bubble is calculated as

((ii_z = —k Ap(Cine — Co) (3.59)
where A is the bubble surface area, Cy is the CO» concentration in the liquid phase, and Ciy is
the concentration of CO; at the bubble interface mass transfer coefficient. The mass transfer k.
is evaluated using correlations for single bubbles proposed by Hori et al.[2]. The Sherwood
numbers of spheroidal and semi-Taylor bubbles in clean water (Case 1) and NaCl solution

(Case 2) are given by
Sh= f(d")Pe'/? (3.60)

2

. 0.33d** + 0.28d* + 1.0) ford* <1
fd) ={77¢ ) for

(3.61)
0.18d" + 1.6 ford* > 1

where Sh, d* and Pe are the Sherwood number, the dimensionless bubble diameter, and the

Peclet number, respectively, and they are defined by

sh = fad (3.62)
Dco2 .
d* = d/dr (3.63)
Vg —V,|d
pe = Ve —Vild (3.64)
D,

The following Sherwood number correlation by Filla [33] is used for Taylor bubbles

Shy, = 5.1(L/D)%8./Pe, (3.65)

where Shp and Pep are the modified Sherwood and Peclet numbers defined as:

kA
Shy = LB

= 3.66
Deo.D (3.66)

67



Chapter 3

Vg —V.|D
Pep = Vs —Vi|D (3.67)
D,
L/D 1is evaluated using the following empirical correlation proposed by Nakahara and

Tomiyama[19]:

L/D = (0.586 — 0.2161 + 0.84421%)1 (3.68)

In case 3, mass transfer coefficients of spheroidal and semi-Taylor bubbles in the
contaminated system under the combined NaCl-1-octanol can be evaluated by using the

following correlation [3]:

Sh = F(d*)Re'/?Sc'/3 (3.69)
F(d*) = —0.10d*? + 0.88d* + 0.6 (3.70)

Ly? L 1/2
Shp = [A(6) (—) +B(6) (—) — 7]Re,/“Sc1/? (3.71)

dr d;
where
karm

A(0) = =5.6 x 10759712 (3.73)
B(6) = 2.89701° (3.74)

For 1-octanol, the adsorption rate constant k, = 170 m*/ms, the desorption rate constant k, =
68/s, and the saturation concentration I;,,= 7.5 x 10 mol/m?

The amount of material m, [mol] of the gas p (= CO2, N2, O2) in the bubble and the time
change of the bubble diameter due to dissolution are calculated using the mass transfer
correlation equation of a single bubble. However, since this system is a multi-bubble system,
the change in the CO: concentration Crcoz [mol/m®] in the liquid phase accompanying the
dissolution of CO; cannot be ignored. Assuming that the effect of diffusion is negligible
compared to advection in the vertical transport of dissolved CO,, the following one-
dimensional mass conservation equation taking into account the CO transfer rate O [mol/m>-s]

from bubbles is used to calculate the change in Crco2 [10]:
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aCLCOZ aCLCOZ —

P L7, 0 (3.75)

The changes in the concentrations of N2 and O; in the liquid phase are so small that they are

ignored.

3.4.6 Simulation condition

The calculation was performed under the conditions of D = 25.0 mm, a pipe length of
5 m, and a time interval of 0.005 s, up to 500 s, which was sufficient for evaluating the time
average value. The measured values shown in Fig. 3.5 were used for the inlet boundary
conditions. Considering three types of gas components, CO2, N> and O, the initial CO2 mole
fraction was set at 0.999. The remaining components were N> and O, and the mole fraction
was determined from the air component ratio (79:21). Calculation time was about 5 hours using

a personal computer (CPU: Core 17, Memory: 4 GHz).

3.5 Comparison of measured and predicted flows

3.5.1 Comparison of flow patterns

Fig.3.11 shows comparisons between measured and predicted flow patterns of the pure
water-air system and the flow pattern of Case 1-3. The center of each image is the z-coordinate
position shown at the top of the figure. The predicted results show the flow fields at the same
time arranged side by side in each section. The experiment using an air-water system was first
carried out to obtain a reference case without mass transfer. The left-side figure of Fig. 3.11a
shows high-speed video images. Bubbles are dispersed at z = 1.0 m, but bubble clustering can
be seen in the pipe center region. Bubble coalescence events increase the mean bubble size and
the formation of a Taylor bubble is seen at z = 2.0 m. Small bubbles are entrained in the near
wake of the Taylor bubble. The flow is still developing between z = 2 and 3 m, i.e., Taylor
bubbles still grow and become longer. The right-side figure shows predicted bubble
distributions at each elevation. Being similar to the experiment, the flow structure at z=1.0m
is bubbly and the increase in z enhances the formation and growth of Taylor bubbles. Although
the number of small bubbles behind Taylor bubbles in the prediction is much less than that in
the experiment, the structure and development of the flow are predicted well with the present

numerical model.
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Fig. 3.11b (left figure) shows a flow in Case 1. Bubbles are well dispersed at z= 1.0 m.
The bubble sizes are smaller than the air-water case. The bubble size decreases as z increases
up to 2m and no Taylor bubbles are formed at that elevation, meaning that the reduction of the
bubble size due to dissolution is faster than the bubble growth rate by coalescence. The bubble
sizes at z = 3.0m are smaller than those at z = 2.0 m, whereas the bubble sizes at z = 3.0 and
4.0m are not so much different. The spatial evolution of the flow structure with mass transfer
in the experiment is well reproduced in the numerical prediction as shown in the right figure
of Fig. 3.11b.

Fig. 3.11c shows Case 2. The flow structure and its evolution along z are similar to
those in Case 1. However, the bubble sizes are slightly larger than in Case 1, which can be
attributed to the reduction of &z due to the presence of NaCl [2]. The numerical prediction
reproduces well not only the flow structure but also the slight difference in the bubble size from
Case 1.

The presence of 1-octanol in the NaCl solution (Case 3) causes a drastic change in the
evolution of the flow compared with Case 2, i.e., the bubble sizes do not reduce for z=2.0-3.0
m and bubble clustering are observed at z = 3.0 m. The formation of bubble clusters induces
frequent bubble coalescence events, resulting in the formation of Taylor bubbles at z = 4.0 m.
The large difference in the flow structure from Case 2 is due to the combined effect of NaCl

and 1-octanol, which largely decreases k;.
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Fig. 3.11 Comparison of experiment and simulation flow structure for each cases
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3.5.2 Comparison of radial void fraction distribution and bubble diameter
distribution

Fig. 3.12-3.15 shows a comparison of measured and predicted ag distribution and
bubble diameter distribution at each measurement position in the vertical direction. The vertical
axis in the left figure is the time-averaged local void fraction o normalized by the area-average
void fraction < ag>. The o¢ distribution and bubble size distribution were well predicted in the
simulation. In Case 1, similarly to the experimental results, the number of bubbles with d <5
mm increased downstream, and the tendency of the ag distribution to transition to the wall
peaking was predicted. Even in Case 3, the transition to the slug flow downstream due to the
coalescence of bubbles was successfully calculated.

From the figures, it was found that the bubble dissolution process of bubble flow and
slug flow in a vertical pipe can be well predicted by the mass transfer correlation of a single
bubble in NaCl aqueous solution and NaCl-1-octanol mixed aqueous solution. Therefore, this
correlation constructed based on the mass transfer data of a single bubble rising in a stagnant
liquid can also predict the mass transfer of a multi-bubble flow system well. In this experiment,
Sc was much larger than 1, and the concentration boundary layer was much thinner than the
velocity boundary layer. Therefore, the velocity change around the bubble due to other bubbles
or liquid flow has little effect on mass transfer. This is the reason why mass transfer was well
evaluated by the single-bubble correlation even in a multi-bubble system. However, this
calculation does not take into account the effect of interference between bubbles on gas-liquid
mass transfer, for example, the effects of collision, coalescence, or breakup between bubbles
on mass transfer. By constructing models for these phenomena, further improvement would be

required.
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Fig. 3.12 Comparison of experiment and simulation results Case 1
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Fig. 3.14 Comparison of experiment and simulation results Case 3

3.6 Conclusion

As a first step to validate the implementation of the mass transfer models into the three-
dimensional one-way bubble tracking method, mass transfer correlations of single bubble
constructed by previous study [2,3] with different kinds of liquid phases other than pure water
were used in numerical simulation. The predicted results of bubble-slug flows were compared

with experimental results. The validity of the mass transfer calculation in the multi-bubble flow
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system using the correlations was verified. As a result, the following conclusions were
obtained.

1. The effects of electrolyte and the combined effects of electrolyte and surfactant on the
flow pattern, radial void fraction distribution, and radial bubble diameter distribution of
bubbles were measured for a pipe of 25.0 mm in diameter, the liquid phase Reynolds
number of 7000, and the gas phase volume flux of 0.120 m/s.

2. The numerical simulations well reproduced the characteristics of the flows observed in
the experiments and the predicted void and bubble size distributions agreed well with
the data, implying that the mass transfer correlations developed for single bubbles are

applicable to bubbly flows of high Schmidt number systems.
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Chapter 4

Application of Chemical Absorption
Enhancement Factor to Bubbly-Flow
in Vertical Pipe

4.1 Introduction

Based on chapter 3, investigated were the experiments and predicted simulations of
CO; in multiple bubble system with various kind of physical absorption, including surfactant
and electrolyte. Even though the mass transfer correlations used were created for single
bubbles, they gave accurate predictions of the spatial evolution of flow structure in the multi-
bubble system. This is because the concentration boundary layer at the surface of a bubble with
a high Schmidt number is extremely thin and the mass transfer rate is not as significantly
influenced by the motion of adjacent bubbles. In this chapter, the enhancement factor for
chemical absorption is implemented into the bubble tracking method to examine its
applicability to bubbly flow with chemical absorption.

Chemical absorption is investigated for two volume fluxes of the gas phase Js with
NaOH aqueous solution of pH = 13. The results were then compared with a clean system case.
The measurement method of the experiment results in this chapter is different from the previous
chapter. Since the dissolution of bubbles in chemical absorption is very fast and the accuracy
is very important, a 3D image processing method is used to calculate both time-averaged void
fraction and bubble diameter distribution at several axial locations in a vertical pipe. The

experimental results are compared with one-way bubble tracking prediction.

4.2 Experiment and measurement method

4.2.1 Experimental condition
The experiments for CO2 bubbly flows were carried out for two different Ji. For each
Jetwo cases were investigated, i.e., pure water (pH = 7) and NaOH aqueous solution (pH = 13)

cases. The experimental conditions were summarized in Table 4.1. Re;, Ji. [m/s], and Jg [m/s]
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are the liquid Reynolds number, the liquid volume flux, and the gas volume flux, respectively.
It should be noted that Jg listed in the table is based on mass flow rates measured at the gas
inlet and will not be used as the inlet condition in the simulation. The details on this will be
explained in the next section.

o [N/m], pz [kg/m?], u. [Pa.s] are the surface tension, the liquid density and the liquid
viscosity, which were measured by a pendant bubble method, a standard hydrometer (JISB-

1525), and a tuning fork vibrating viscometer (A & D Corporation, SV-A10), respectively.

Table 4.1 Experimental conditions

*

Jr Ja c pL nzx107

Case PH  ReL ) [mis] [N/m] [ke/m®] [Pas] O
Case 1 A - 7 7000 0250 0.01 0072 997 089 420
Pure water
Case 1 B :
aqueous NaOH 13 7000 0250 001 0069 1001 091 478
solution
Case 2 A - Pure 7 7000 0250 0.02 0.072 997 0.89 420
water
Case2 B :
aqueous NaOH 13 7000 0250 0.02 0069 1001 091 478
solution

*Je were measured by a mass flow controller and was not be used as inlet conditions in

simulation

Tables 4.2 show the phyisical properties [1,2] of CO», under each condition, where Csa
[mol/m?] is the gas concentration at the bubble interface, C; [mol/m?] is the gas concentration
in the liquid phase and D, [m?/s] is the diffusion coefficient. The details on the calculation of
Csa and Dy, can be seen in section 2.2.1. Since the experiments were carried out in the degassed

system, the presence of N> and O> were neglected.

Table 4.2 CO; gas phase transport coefficient under each condition (298 K) [1,2]

Csae [mol/m®]  Cy [mol/m®] Dy x 10° [m?/s]
Case 1A & 2A 34.0 0.0110 1.92
Case 2A & 2B 32.7 0.0112 1.90
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4.2.2 Experimental setup

A schematic of the experimental apparatus is shown in Fig. 4.1. The apparatus consists
of the test section, the upper tank, the gas phase inlet, the pump (Iwaki, MD-30FX-EN), the
mixer (NITTO METAL INDUSTRY), the glove box (Azwan), the tank, the agitator (Azwan,
SMT-101), the pH meter (TOA DKK, HDM-136A, measurement accuracy +0.03), the vacuum
pump (ULVAC, GLD-137-CC), the pH meter (TOA DKK, HDM-136A, measurement
accuracy £0.03), the flowmeter (Nippon Flow Cell, NSP-5), and the mass flow controller
(KOFLOC, 8500MC). The liquid phase in the test section was water purified by using
Millipore, ElixSUV. Sodium hydroxide (NaOH) (Fujifilm Wako Pure Chemicals, 1310-73-2)
was used as the solute. NaOH was added to the purified water and was thoroughly stirred in an
argon-purged mixer. In order to prevent NaOH from reacting with carbon dioxide in the air,
granular NaOH was weighed and fed into the mixer in an argon-purged glove box. The pH of
NaOH was set at 13.0, with a tolerance of +£0.03.

The liquid phase was supplied by the pump and flowed in from the bottom of the test
section via the flow meter. The temperature of the liquid phase was set at 25+1.0°C. The gas
phase was carbon dioxide (CO»: Sumitomo Seika Co., Ltd., purity 99.9 vol.%), which was
supplied from the gas cylinder, depressurized to 0.2 MPa by the regulator, and supplied from
the bottom of the test section via the mass flow controller and a bubble inflow section. The
diffuser tube of the bubble inflow section had diffuser holes facing vertically downward to
ensure uniform diffusion of air from each hole. The flow channel was purged by argon and
closed to the atmosphere to avoid the intrusion of other chemical elements from the air.

Hereafter, z [m] is the vertical coordinates of the test section.
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Fig. 4.1 Experimental setup

4.2.3 Measurement method of bubble diameter and time average void fraction
The flow observations were carried out at z = 0.3, 0.8, 1.3 and 1.8 m, where the
elevations represent the center position of flow images. The length of flow observation area
were 100 mm and the images were captured by high-speed cameras (Integrated Design Tool,
M3) from two orthogonal directions. The position of the high-speed camera and the test section
are shown in Fig. 4.2. Red and green LEDs were used as light sources to suppress reflected and
scattered light generated at the bubble interface by the lateral light source. The frame rate was
400 frame/s and the resolution was 0.08 mm/pixel. The test section consisted of a circular tube
made of fluorinated ethylene propylene (FEP) resin. The inner diameter of the pipe was D =
25.0 mm. The pipe was inserted into an acrylic duct and filled with water. The refractive indices
of water (1.333) and FEP (1.338) are almost equal, so that bubble images with reduced

distortion due to light refraction were obtained.
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Fig. 4.2 Flow observation setup

Bubble size distributions were obtained from 800 bubbles passing through the center
of each elevation. Image processing in section 2.2.3 was performed to calculate the sphere-
volume equivalent bubble diameters d [m]. Because the image was taken from two directions,
the measurement error of d was lowered to +2.0%. Since the dissolution of CO; in a NaOH
system is very fast due to chemical absorption, the measurement of d cannot be performed
immediately after the gas inlet, therefore in this study, the bubble diameter at z = 0.3 m will be
used as the inlet condition in simulations while J; at z = 0.3 m estimated in simulation so as to
obtain the same void fraction in the simulation and experiment.

Being different from the previous chapter in which the radial distribution of the time-
averaged local void fraction o were measured using the point electrode probe method[3]-[5],
only volume averaged void fraction < a > at each elevation was measured from the bubble

size distributions. The total number of frames used for obtaining < a.g > was 4800.

4.3 Bubble dissolution data of gas-liquid two-phase bubble flow in a
vertical pipe
4.3.1 Bubble diameter distribution at inlet and flow pattern

As mentioned in section 4.2.3, for the inlet boundary condition for bubble tracking
simulation, the bubble diameter distribution at z = 0.3 m was used. Figs. 4.3 and 4.4 show the
measurement results for each Js. Bubble diameters were classified with bins of 0.5. For all
cases, bubble diameter were less than 8 mm, with the NaOH cases much less than the pure

water case. Cases with larger Ji have larger bubble sizes. In case 1A, the highest probability
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density function (pdf) is in 4 <d <5 mm while in Case 1B there are two peaks in 3 <d <4 mm
and d < 1 mm. Since the measurement of pdf was done for z = 0.3 m, it is possible to have
many tiny bubbles (d < 1 mm) even at z = 0.3 m in Case 1 B because the bubbles were mostly
going through fast dissolution due to chemical absorption.

In Fig. 4.4 different peaks can be seen between the pure water system (Case 2 A) and
the NaOH system (Case 2 B) for Js=0.02 m/s. The pdf peak is at d =5 mm in Case 2 A, while

the peaks in Case 2 B are at d = 1.5 mm and d = 4 mm.

03 T l T l T l T
Case 1A
Purewater

d [mm]

Fig. 4.3 Inlet bubble diameter distribution for Jc = 0.01 m/s
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Fig. 4.4 Inlet bubble diameter distribution for J = 0.02 m/s

The flow patterns are shown in Fig. 4.5. In the CO;-pure water system, the bubble
diameter decreases as increasing the elevation. This is of course due to the physical dissolution
of bubbles. With the presence of chemical absorption in the system, the bubble diameter
downstream become much smaller due to the enhancement of the dissolution rate. In case 1B

(Jc =0.01 m/s), the bubble diameters at z = 1.8 m were very small, i.e., d <1 mm.
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Case 1A : CO2-pure water Case 1B : CO2-NaOH (pH=13)
08m 13m 18m 08m 13m 18m
Case 2A: CO2-pure water Case 2B : CO2-NaOH (pH=13)
Fig. 4.5 Flow pattern for Jc=0.01 m/s (Case 1 A and B) and Js=0.02 m/s (Case 2 A and
B)

4.3.2 Mean void fraction and bubble diameter distribution

The measured < a.g > and bubble size distribution at each elevation are shown in Figs.
4.6 and 4.7. In Case 1 A and B, < o, > start from different values. This is because at z=0.3 m
CO» bubbles have already dissolved a lot in the NaOH system. This also applies to Case 2 A
and B. In downstream of the NaOH system, almost all CO> bubbles were dissolved and < ag
>is only 6.7 x 10 in Case 1 B, and 1.75 x 10~ in Case 2 B.

The vertical axis of the bubble size distribution is the ratio of the total bubble volume

@5, [m] of each bubble class to the total gas volume ©s. Different peaks can be seen between
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the pure water and the NaOH systems, where from upstream to downstream the peaks in the

NaOH cases moves to smaller bubble diameters faster than the pure water cases.

06 T I T I T I T I T
0.5 @ Pure water system
04' O NaOH system

0.3
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0.1
0.02 ; ; . 0

0.5
A ® @m
é’ 0.01 — ~ 03
® S
? ° |
o
O
0 | ! | O | O
0.5 1 1.5 2
Height [m]

Fig. 4.6 Mean void fraction and bubble diameter at each elevation of Case 1 A and B

&9



Chapter 4

06 T I T I T I T T
05 @ Pure water system ]
- O NaOH system .
0.4 .
0.3+ —
- Q ]
0.2 —
01+ ]
0.04 . . . ) c
A ®
S 0.02 -
Y °
O °
L ® -
0]
0 | . | ° 0O
0.5 1 15 2
Height [m] 0.5

Fig. 4.7 Mean void fraction and bubble diameter at each elevation of Case 2 A and B

4.4 Numerical simulation

The three-dimensional one-way bubble tracking method given in chapter 3 [6] was
used. Basically, the mass transfer correlation used in all the cases in this section was the same,
except for the enhancement factor correlation proposed in Chapter 2. The mass transfer

correlation for clean system proposed by Hosoda [7] and corrected by Hori [8] was:

op0 — =(0.34d"* +0.28d" + 1) VPe for d* < 1 o
(0.18 d* + 1.6) VPe for d* >1 :

where Sh° is the Sherwood number for the clean system, d*= d/dr, and Pe is the Peclet number

defined by
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pe =222 (42)
D,

For the NaOH system, the enhancement factor correlation proposed in Chapter 2 was

implemented to account for chemical absorption:

Sh = E Sh° (4.3)
where
5 {1 + exp(2.98 pH + 1.04d* — 39.7) for d* < 1 (44)
~ 1+ exp(2.69 pH + 0.40d* — 35.3)  for1 <d*<1.8 '

Since both cases were free from other chemical substances such as Nz and Oz, only the
change in the CO; concentration Crco> [mol/m?] in the liquid phase due to the dissolution of
CO; was taken into account. The change in Crco> was simulated using the following one-
dimensional mass conservation equation which takes into account the CO> transfer rate QO

[mol/m?-s] from bubbles [3].

aCLCOZ aCLCOZ —
ot L oz

0 (4.5)

Since the chemical reaction occurs in the system after the dissolution of CO., the change of the
hydroxide ion in NaOH and other chemical products needs to be considered. Table 4.3 is the
parameter values for chemical reaction between NaOH and CO> [9]. The parameter values

listed in Table 4.3 were used in the calculation of chemical reaction of each ion in the liquid.

Table 4.3 Parameter values for chemical reaction

) Kinetic constant Equilibrium constant
Reaction 3 3
[m’/(mol.s)] [m’/mol]
COz+O0H « HCO, 5.0 6.1 x 10*
HCO; + OH™ < CO%+ H20 1x10* 5.88
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4.5 Comparison of measured and predicted flows

4.5.1 Comparison of flow patterns

Fig. 4.8 shows a comparison of measured and predicted flow patterns. The axial
elevation of the center of each image is shown at the top of each image. The predicted images
show similar pattern with the measured images, where at the downstream bubble diameters
become smaller in the pure water system, and much smaller in the NaOH system. The
comparison indicate that the bubble dissolution processes with/without chemical absorption is

predicted well.
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4.5.2 Comparison of mean void fraction and bubble diameter distribution

The spatial evolution of measured and predicted mean void fractions <o.g> are shown
in Fig. 4.9. For both Jg, the measured <o.g> for aqueous NaOH solution at z = 0.3 m are lower
than those of the pure water system because CO> bubbles in the former dissolved alotin 0 <z
< 0.3 m due to chemical absorption, <o.c> for Case 1 A and 1 B start from 0.012 and 0.007,
while for Case 2 A and 2 B start from 0.023 and 0.013. In the numerical calculation, the
measured <ag> at z = 0.3 m is the inlet condition together with the pdfs of bubble size
distributions shown in Figs. 4.3 and 4.4. Since it was difficult to measure Jg at z = 0.3 m, the
value of Ji then was tuned via trial and error in the calculation to obtain the same <ag> at z =
0.3 m as those in the experiments. J; = 0.0045 m/s was used in Case 1 A, while Jg = 0.005 m/s
was used in Case 1 B. For Case 2 A and 2 B, Js = 0.01 m/s gave good agreement between
measured and predicted < o.g > at z = 0.3 m. In the pure water systems, <a.g> is well predicted
by using the available mass transfer correlation of single bubbles for the clean system [8]. The
aqueous NaOH solution systems are also well predicted by using the enhancement factor
correlation Eq. (4.4), whereas we cannot obtain good predictions of <ag> without the E
correlation as expected. This confirms that the enhancement factor correlation, Eq. (4.4),
should be taken into account for obtaining good predictions for bubbly flows with chemical
absorption.

Fig. 4.10 shows comparisons of measured and predicted bubble size distributions at
three axial elevations. Its vertical axis is the ratio of the total bubble volume ®5, [m?] of each
bubble class to the total gas volume ®p. The values of d were classified with bins of 0.5 mm
width. The cases with chemical absorption, Case 1 B and 2 B, have smaller bubble sizes at each
axial position than the cases without chemical absorption, Case 1 A and 2 A. The chemical
absorption in the systems significantly increases the dissolution of CO2 bubbles. The one-way
bubble tracking method gives reasonable predictions for spatial evolution of bubble size

distributions for all the cases.
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Fig. 4.10 Comparison of bubble diameter distributions

4.6 Conclusion

The combination of the enhancement factor of chemical absorption proposed in Chapter 2
and the available mass transfer correlation of a clean system from the previous study [8] was
implemented into the three-dimensional one-way bubble tracking method to examine its
applicability to bubbly flow with chemical absorption. Experiments were also carried out to

obtain the data for validation. Here is the conclusion of this section:

1. The spatial evolutions of flow patterns, mean void fractions, and bubble diameter

distributions of CO; bubbly flows with or without chemical absorption were measured
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for a pipe diameter of 25.0 mm, a liquid phase Reynolds number of 7000, and two gas
phase volume fluxes, i.e., 0.01 and 0.02 m/s.

. Implementation of the enhancement factor correlation together with the available mass
transfer correlation for single bubbles in a clean system into the one-way bubble tracking
method can produce good results of the characteristics of the flow patterns, mean void

fraction, and bubble size distributions.
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Conclusion

Mass transfer phenomena, in which gas in bubbles is dissolved in the surrounding liquid
phase, are used in various post-combustion CO> captures such as Gas-Lift Advanced
Dissolution (GLAD) systems, bubble column reactors and gas absorbers. In designing the
bubble column reactor with chemical absorption, it is necessary to understand the flow
characteristics in the system. The flow characteristics change significantly due to changes in
the bubble diameter, shape, and rising speed of the bubbles due to mass transfer. Specifically
for chemical absorption, the enhancement factor £ needs to be considered to define how fast
the absorption rate is in the system. However, E correlations obtained so far have been based
on an analytical theory which has not been validated against experimental data for multi-bubble
systems. Hence in this study, experiments of single CO> bubbles with various shapes were
carried out with several NaOH concentrations and its applicability to bubbly flow was
examined.

In Chapter 2, the mass transfer from a single CO> bubbles in a stagnant liquid in a
vertical pipe of diameter D = 12.5mm was investigated using the aqueous NaOH solution. The
experiments were carried out for a wide range of the dimensionless bubble diameter A, which
is the ratio of the bubble diameter to the pipe diameter, 0.4 < A < 1.4, and for the sodium
hydroxide concentration, 12 <pH < 13.15. The image processing was performed for the bubble
images, and the mass transfer coefficient &z was measured from the time change of the bubble
diameter. The value of E for each bubble is obtained by comparing k; of the chemical
absorption with those of the physical absorption k?. The experimental results confirmed that £
for 7 < pH < 12 is almost unity, i.e., the presence of NaOH does not affect the mass transfer
due to low concentration, while £ increases with increasing both pH and d for pH > 12.25. The
enhancement factor model based on the two-film theory and a flat interface by Fleischer et al.
is not applicable to single bubbles because £ changes not only because of pH but also by the
shapes of bubble d*, where d* (= d/dr) is the ratio of the bubble diameter to the bubble diameter
at the transition from ellipsoidal to semi-Taylor bubbles. The proposed empirical correlation

of E for single bubbles of 0.4 <A < 1.4 and 7 <pH < 13.15 gave good agreement with 93% of
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the data to within £10% errors. The correlation was also applicable to bubbles in the pipe
diameter D = 18.2 mm.

In Chapter 3, examined was whether it is possible to obtain good predictions for mass
transfer in multi-bubble systems with various kinds of physical absorption before applying the
enhancement factor proposed in Chapter 2 to multi-bubble systems. Physical absorption in
bubbly-slug flow in a vertical pipe was numerically simulated for three conditions: a pure water
system, a system with electrolyte, NaCl, and a system including surfactant and electrolyte,
NaCl-1-octanol mixture. The available mass transfer correlations are implemented into the
bubble tracking method. In addition, experiments on bubbly-slug flows in a vertical pipe were
carried out, and the obtained data were used to validate the extended numerical method. The
spatial evolution of the flow patterns, radial void fraction distributions, and radial bubble
diameter distributions of bubbles, were measured for a pipe of 25.0 mm in diameter, the liquid
phase Reynolds number of 7000, and the gas volume flux of 0.120 m/s. The predicted and
measured spatial evolution give good agreement, implying that the available mass transfer
correlations developed for single bubbles are applicable to bubbly flows of high Schmidt
number systems. In a system with a high Schmidt number, the thickness of concentration
boundary layer is very small so that the effect of other bubbles or velocity changes around the
bubbles due to the liquid flow on the mass transfer is negligible. Therefore, the spatial
evolutions were well predicted.

In Chapter 4, the E correlation of chemical absorption proposed in Chapter 2 was
implemented into the bubble tracking method to examine its applicability to bubbly flows with
chemical absorption. The experiments were carried out for two gas volume flux conditions to
validate the predicted results with or without chemical absorption. Since the dissolution of
bubbles in chemical absorption is very fast, the image processing method is used to calculate
both mean void fractions and bubble diameter distributions at several axial locations in a
vertical pipe. The proposed E correlations implemented into a three-dimensional one-way
bubble tracking method together with available mass transfer correlations for a clean system
gave good predictions of the flow patterns, mean void fractions, and bubble diameter
distributions.

In summary, the mass transfer with chemical absorption from single bubbles of various
shapes and NaOH concentrations flowing in a vertical pipe were investigated this study. In
addition, an enhancement factor correlation was proposed to predict bubble dissolution in

aqueous NaOH solution. Before applying the proposed E correlation to the multi-bubble
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system, the validity of the available mass transfer correlations with various kinds of physical
absorption was examined using the bubble tracking method. Furthermore, it was clarified that
the proposed E correlation can predict dissolving bubbly flows in a vertical pipe with or without

chemical absorption.
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