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Abstract

Mass transfer rates Az of single carbon-dioxide bubbles with chemical absorption in a vertical pipe were
investigated 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. The bubble diameter d was varied for 0.4 < d/D < 1.4 to cover
various bubble shapes. The enhancement factor, £, which is the ratio of Az with and without chemical
absorption, was almost unity for pH < 12.25. Then E increased with increasing pH and d for pH > 12.25.
Its magnitude was, however, lower than the estimation by the two-film theory. An E correlation was
developed. Good estimation of the Sherwood number for bubbles with chemical absorption was obtained
by combining the E correlation and the Sherwood number correlations for bubbles without chemical

absorption. Applicability of the correlations to bubbles in a larger pipe diameter was also examined.
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1. Introduction

The growth in CO; emission is still high as fossil fuels are still the primary fuel for power plants.
Many techniques have been developed to reduce CO» emission, for example, post-combustion CO; capture
using chemical absorption by wet scrubber, bubble column reactor, and gas absorber (Mondal et al., 2012;
Shim et al., 2016). The concept is uncomplicated; flue gas with CO; purged into a reactive solvent changes
to other ions. Many solvents have been examined to obtain the maximum efficiency of CO> removal, and
sodium hydroxide (NaOH) has the highest removal percentage, 92—99% (Peng et al., 2012).

Despite the basic principle of CO, removal using chemical absorption, the design of bubble column
reactors needs many considerations, including fundamental design data, e.g., physicochemical properties,
mass transfer coefficients, and enhancement factors E£. The latter is a dimensionless number used to define
how faster the absorption rate by using chemical absorption is compared to the physical absorption

(Danckwerts, 1970):

k, Sh
= (1)

where kz 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 of the studies on CO» absorption in NaOH solutions have been carried out for flows in bubble
column reactors, both experimental and numerical (Fleischer et al., 1996; Schulzke et al., 1998; Darmana
etal., 2005; Darmana et al., 2007; Sujatha et al., 2017; Krauf and Rzehak, 2017; Kraull and Rzehak, 2018).
The numerical simulation implemented an enhancement factor based on an analytical approximation
derived from several enhancement factor theories, such as the penetration (Hikita et al., 1972; DeCoursey,
1974), the surface renewal (DeCoursey, 1974), and the two-film theories (van Krevelen and Hoftijzer,

1948a; Hikita and Asai, 1976). Fleischer et al. (1996) used the two-film theory to estimate E for different



concentrations of NaOH (7 < pH < 14). They obtained E as a function of pH and implemented it into the
numerical simulation for bubbly flows. Basically, the theoretical derivations of £ 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 diameter. The flat interface assumption cannot be adopted unless the
radius of the interface curvature is infinitely large. Hence, it is required to obtain knowledge on mass
transfer with chemical reactions from single bubbles of various diameters and shapes.

Madhavi et al. (2007) experimentally observed a single spherical CO2 bubble rising through
infinite stagnant NaOH aqueous solutions at 4, 6, and 10 w/v% 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 into account £ (Brian et al., 1961). Jia and
Zhang (2017) 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. (2012), who focused only on
the percentage of removed CO; during experiments with different pipe diameters and NaOH
concentrations. To this point, our knowledge on the chemical absorption of deformed bubbles is
insufficient. In particular, there is no experimental evidence on the relationship between E and pH for
single bubbles proposed by Fleischer et al.

In this study, experiments of single CO> bubbles with various shapes were carried out with several
NaOH concentrations to obtain k; of the chemical absorption. The mass transfer coefficients were
compared with those of the physical absorption k obtained in our previous study (Hosoda et al, 2014) to
evaluate E. An empirical E correlation, which accounts for the effects of the bubble size and the NaOH

concentration, was developed.



2. Experimental setup and physical properties

The experimental setup is shown in Fig. 1. An aqueous sodium hydroxide solution was formed

inside the enclosed stirrer. In addition to the stirrer, the components of the system used to make the aqueous

solution were the glove box, the water tank, and the vacuum pump. NaOH granules (Fuji Film Wako Pure

Chemical, 1310-73-2) were first weighed inside the glove box to a predetermined amount. Then purified

water (Millipore, Elix Essential UV5) from the tank and the NaOH granules were thoroughly mixed in the

stirrer. The concentration of solution was measured by using the pH-meter (TOA DKK, HDM-136A) with

uncertainties + 0.03 in the pH before entering the lower tank. Argon was used as the purge gas in the tank

and the glove box to prevent the reaction of NaOH with CO; in the atmosphere.
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The test section consists of the lower tank, the circular pipe, the acrylic duct, the upper tank, the

pump, the high-speed video cameras with optical filters, the z-axis stage actuators, the fiber sensor, and



the LED lights. The circular pipe of inner diameter D = 12.5 mm was made of fluorinated ethylene
propylene (FEP) resin. The FEP pipe was installed in the acrylic duct and the gap between the pipe and
the duct was filled with water. Since the refractive indexes of water and FEP resin are almost equal, 1.333
and 1.338, it is possible to acquire bubble images without any optical distortion. Water in the gap circulated
through a water bath tuned at 298 K. All experiments were conducted in room temperature (7' = 298 K)
and atmospheric pressure (P ~ 1 atm).

The distance, Ly, from the liquid surface in the upper tank to the reference elevation (z = 0 mm)
was 1000 mm. A predetermined amount of CO; (Sumitomo Seika, purity 99.9 vol%) gas injected from the
bottom of the lower tank was stored in the hemispherical cup by using the gastight syringe and was
released by rotating the cup. The NaOH solution was replaced with a fresh one after releasing at most five
small bubbles or three Taylor bubbles to avoid the change in the NaOH concentration due to reaction with
COas. Front and side images of a bubble in the pipe were recorded using the two synchronized video
cameras. The green and red LED light sources were used for back illumination. The cameras and the LED
light sources were mounted on the actuators, and their movements were synchronized. Bubbles were
tracked for 0 <z <400 mm with the video camera setting: 400 frame/s for frame rate, 1000 ps for exposure
time, and 0.04-0.05 mm/pixel for spatial resolution. After completion of the experiments and
neutralization, the test section and the reactor were cleaned using purified water and k? of CO; in clean

water was checked before the next experiments to ensure that all equipment was free from contamination.



Table 1 Gas and liquid properties (7=298 K, P~ 1 atm)
[OHT] [mol/L] pH prlkg/m’] 1, [103Pas]  SINm] Do, [10°m?s] Cyar[mol/m’]

10”7 (water) 7 997 0.89 0.072 1.922 34.0°
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, 1964)
b(van Krevelen and Hoftijzer, 1948b)

The physical properties of the liquid and gas phases are shown in Table 1. The liquid density, p;,
was measured using a standard hydrometer (JIS B-1525). A tuning fork vibrating viscometer (A&D, SV-
A10) was used to measure the liquid viscosity, y;. The surface tension, 6, was measured by using the
pendant bubble method (Pan et al., 1998). The diffusion coefficient, D¢, , and the saturated concentration,
Csar, of CO2 in clean water were quoted from Himmelblau (1964) and van Krevelen and Hoftijzer (1948b),
respectively. The D¢, in NaOH solution was calculated with the following approximated equation

(Ratcliff and Holdcroft, 1963):

m
Dco, = D, (1 + 0.6242 bic;) 2)

=1

where the constants b; are given in Table 2, ¢; [kmol/m?] is the concentration of ion and m is the total

number of ions. The D2, , 1s the diffusion coefficient of COz in water (Versteeg and van Swaal, 1988) given

by

—2119) 3)

0 _ _
D¢, = 2.35x 10 6exp( 7



The c; is given by

C; = MiCs 4)

where n; is the number of ions and c¢s [kmol/m?] is the concentration of solution. The saturated
concentration, Csa, and the Henry constant, Hc,,, are affected by the presence of reactive ions and can be

calculated as (Weisenberger and Schumpe, 1996)

C
log, (CT> = log), (Hz?) = Z(h + he)c (5)

sat

and

he = hY + hp(T — 298.15) (6)

where C9,; and Hco are the saturated concentration and the Henry constant of COx> in clean water, 4; and
hg are ion-specific and gas-specific parameters, respectively, 4 is the gas-specific parameter for pure gas,
and /7 is the gas-specific parameter for the temperature effect. The parameters in Egs. (5) and (6) are
summarized in Table 2. The HZ, ,[Pa] is calculated as a function of temperature (Versteeg and van Swaal,

1988):

HO = 1 PH20
€02 7 354 x 107 exp(2044/T) My,o

(7

with pyo0 and My, are the water density (997 kg/m?®) and its molar mass (18 g/mol). Note that the

calculated values of D2, ,and C 9+ for water using Egs. (3) and (7) with 7=298 K and P = 1 atm are equal



to the data provided by Himmelblau (1964) and van Krevelen and Hoftijzer (1948b) in Table 1, i.e. D2, =
1.92 x 10 m%s and C2,; = 34.0 mol/m’. Uncertainties in D¢o, and Csa estimated at 95% confidence were

+0.28% and +0.42%, respectively.

Table 2 Parameters in Egs. (2), (5) and (6)

Ion  b; [m*kmol]® h; [m?*kmol]¢ Gas he® [m¥/kmol]®  hp [m3/(kmol-K)]¢
Na* —0.0857 0.1143 CO2 -0.0172 -0.338x 1073
OH- —0.1088 0.0839

‘(Ratcliff, G.A, Holdcroft, 1963)

d(Weisenberger and Schumpe, 1996)

Bubble volumes, diameters, and positions were measured using an image processing method
(Hosoda et al., 2014). The original gray-scale images were transformed into binary images. By assuming
that the horizontal cross-sections were elliptical, a three-dimensional bubble shape was reconstructed by
piling up the elliptic disks. The sphere-volume-equivalent bubble diameter, d, was evaluated from the
volume of the reconstructed bubble shape. The bubble velocities, Vp, were calculated from the rates of
change in the axial bubble position. The d ranged from 5 to 17 mm, and therefore, the ranges of the
diameter ratio, A (= d/D), were from 0.4 to 1.4. Since the present experiments dealt with dissolving CO>
bubbles with volume change, it was difficult to directly estimate the uncertainties in d and V3. Hosoda et
al. (2014) obtained experimental data of d and ¥ for 250 air bubbles rising through clean water in the
range of 5 <d <25 mm in vertical pipes of D = 12.5, 18.2 and 25.0 mm and showed that the uncertainties
in d and Vp 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 V in the present experiments are regarded
as the same degree as those in their experiments.

The rate of decrease in d was utilized to evaluate £, and Sk. The rate of change in CO2 moles inside

a bubble is given by



dn
E = —kAg(Cint — Co) (8)

where 7 is the moles, ¢ is the time, 45 (= nd?) is the bubble surface area, Cy is the COx concentration in the
liquid phase, and Cjy is the concentration of CO; at the bubble interface. The Coin Eq. (8) can be neglected
since the concentration of CO» in the liquid phase is much smaller than Ci,s which is calculated by Henry’s

law:

Cint

P(2))X = ——
DX = v G, oo

)

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

P(z) = Pym + pLg(Lo — z) (10)

where P 1s the atmospheric pressure, g is the acceleration of gravity, and the surface tension effect in P
is small and was neglected in Eq. (10). Substituting Eq. (9) into Eq. (8) yields
1 HCOZ - P(Z) dn

__ an 11
o nd? CyP(z) dt (b

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



dn 7w d(P(2)d®)
dt  6RT  dt

(12)

where R is the universal gas constant. The d(P(z)d®)/dt was evaluated as — (P2d>® — P1di3)/(t2 — 1), where
the subscripts 1 and 2 represent the start and end time of a recording period of a single bubble, respectively.

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

I = (Heoz — P12)(P,d5 — Pydy)
t 6RT (t; — t1)df,Cy Py,

(13)

where the subscript 12 represents the mean value between ¢ and %, i.e. P12 = (P1 + P2)/2 and di2 = (di +

d2)/2.

3. Results and Discussion

3.1 Bubble shape and velocity

The shapes of CO; bubbles in water and in the NaOH solution at pH = 13 are compared in Fig.
2(a). Shape oscillation and wobbling motion of ellipsoidal bubbles were observed regardless of the
presence of NaOH. The capillary waves are evident at the interface of the semi-Taylor bubbles in both
conditions. In water, the Taylor bubble formed at larger A shows capillary waves in the tail region. Similar
capillary waves were observed in the Taylor bubble in the NaOH solution. Hence the presence of NaOH

in the solution did not affect the shapes of the bubbles in the present experimental conditions.
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Fig. 2 Shapes and rise velocities of bubbles

The bubble rise velocity, V3, is shown in Fig. 2(b). The data are classified into three-regimes: the
ellipsoidal, the transition, and the Taylor bubble regimes. In the transition regime, the bubble shape
changes from ellipsoidal to Taylor bubble or so-called semi-Taylor bubble as d increases. The dr in the
figure represents the bubble diameter at the transition from ellipsoidal to semi-Taylor bubbles (Aoki et al.,
2015a). The V3 in the ellipsoidal bubble regime decreases with increasing d due to the wall effect, while
Vs in the Taylor bubble regime is independent of d. A complex dependence of V3 on d is found in the
transition regime. The presence of NaOH did not affect V'3 for all the regimes. The behavior of bubbles in

the present concentrations of the aqueous NaOH solutions, therefore, is similar to that in clean water.



3.2 Mass transfer coefficient and enhancement factor

The mass transfer coefficients for each bubble diameter are shown in Fig. 3. The & of ellipsoidal
bubbles in clean water (pH = 7) decreases with increasing d, while & is nearly constant in the Taylor
bubble regime. The k; at pH = 12 are the same as those at pH = 7, which means that the physical absorption
is still dominant over the chemical absorption for pH < 12. The ellipsoidal bubbles at pH = 12.25 also
have k; similar to those at pH = 7, while &, of semi-Taylor and Taylor bubbles at pH = 12.25 are slightly

larger than at pH = 12. At higher pH, 4. in the aqueous NaOH solutions increase with increasing pH.
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Fig. 3 Mass transfer coefficients of bubbles
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Fig. 4 Enhancement factor

The enhancement factor £ shown in Fig. 4 was calculated using 4 of bubbles in the NaOH solution
and clean water as defined in Eq. (1). Since it was difficult to obtain k; and k? data for the exactly same
bubble diameter, a fitting equation of k? was made using the least-square method (see Appendix A.1). The
solid line in Fig. 4(a) represents E predicted by Fleischer et al. (1996). The measured E for pH = 12 is
almost unity and much smaller than predicted £ (= 1.3). Both the measured and predicted £ show the same
pH dependency, though the measured £ is much smaller than the predicted E. As noted before, Fleischer’s
model is based on the two-film theory for a flat surface. In addition, flow in the vicinity of the interface
and interface oscillation present in reality are not accounted for. As shown in Eq. (1), £ is defined as the
ratio of the mass transfer coefficient in NaOH (k) to the mass transfer coefficient in water (k7). In the
case of a bubble, the oscillation and capillary wave would enhance diffusion of species in the vicinity of
the interface in physical absorption, which contributes to the enhancement of k?. On the other hand, these
phenomena are not present in a flat surface. Hence k? is smaller for a flat surface than for a bubble. This

is why the measured £ of a bubble is smaller than Fleischer’s E. In Fig. 4(b), the measured E is plotted



against d*, the dimensionless bubble diameter d*=d/dr. The 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 CO» concentration is formed (Hayashi et al., 2014). 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 (Hosoda et al. 2015). 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 (Jia and Zhang, 2017). The mass transfer rate is thus enhanced with increasing the
NaOH concentration and the bubble diameter. The increase rate of £ 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(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 £ on d*.

The following enhancement factor correlation was developed using nonlinear multiple regression

with d* and pH:

: .04d* — 39. ford*<1
E= {1 + exp(2.98 pH + 1.04d* — 39.7) or (14)

1+ exp(2.69 pH + 0.40d* — 35.3) for 1 <d*<1.8

This correlation consists of two equations to take into account the change in the dependence on d* at d*
= 1 shown in Fig. 4(b). Enhancement factors calculated using Eq. (14) are compared with the data in Fig.

5, which shows good agreement and 93% of the calculated £ were within £10% errors.



|_ | T | T 7
[OH7] ; pH /77
I [mol/L] L0 A
Y% 0.01 ;12 AR
VR4
3| A 0.018;1225 ¢ ayd
O 0.032; 125 e
w V 0.063;12.8 P
© [ + 008 ;129 ’ 7]
8 S 01 ;13
S21- % 014 :13.15 /. % —
-
o
© | i
&
1k ]
7
%
L S - —t10%
—_—+20%
1 | 1 | 1 | 1
0 1 2 3 4
Measured E

Fig. 5 Measured and calculated E using Eq. (14)

The Sh of a spherical bubble in clean water can be expressed as Sh = aPe!’? (Boussinesq, 1905),

where a is a constant, S% is defined by

k,d
Sh = -~ (15)
Dco,
and Pe is the Peclet number defined by
Vgd
Pe =2 (16)
Dco,

Based on Boussinesq’s relation, Hosoda et al. (2014) proposed an empirical Sk correlation for CO2 bubbles
in clean water, in which a is expressed as a function of A (= d/D). Hori et al. (2017) pointed out that o

cannot be simply expressed as a(A) and d* (= d/dr) is more appropriate for a. This is because dr increases

with decreasing D, i.e. A does not give the same Sh/Pe'? in the transition regime for different pipe



diameters. Hence, Hori et al. proposed the following correlation applicable to ellipsoidal and semi-Taylor

bubbles for L/D < 1 in water:

ho — =(034d"% +0.28d" + 1) VPe for d* <1 -
(0.18d* + 1.6) VPe for d* 21

where L is the vertical length of a Taylor bubble and d for L/D =1 is in the transition regime (see Fig. 3).
The measured Sh/Pe'’? of ellipsoidal and semi-Taylor bubbles for L/D < 1 are plotted against d*in

Fig. 6. The measured data show the increase in Sh/Pe'?

with increasing pH, 1.e. the enhancement of mass
transfer due to chemical absorption. The values calculated using Egs. (1), (14) and (17) agree well with

the data for each pH and d*. The comparison between the calculated and measured S% is also shown in

Fig. 7 and 80% of the data are evaluated with errors less than 10%.
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The following Sherwood number correlation for Taylor bubbles of L/D > 1 in clean water was

proposed by Filla (1981):

ShS = 5.1(L/D)°8./Pe, (18)

where Shp” and Pep are the modified Sherwood number and the modified Peclet number defined by

Sh% =
b= Db (19)
and
VgD 20)
€p = 5
? ™ Do,

respectively. The L/D can be evaluated by using the following correlation proposed by Nakahara and

Tomiyama (2003):



L/D = (a; + 2a,4 + 4as1%)2 21)

where the coefficients a, a, and a5 are given by

a, = min (9.39 x 10™°Re, + 0.586,7.20 X 10~°Re, + 0.722)
a, = 5.93 X 10711Re? + 5.95 x 107 Re, — 0.108 (22)
as = —2.06 x 107 Re, + 0.211

Here Re; is the liquid Reynold number based on the liquid volumetric flux, which is zero in the present

experiment, so that Re;, = 0 and Eq. (21) simplifies to

L/D = (0.586 — 0.2161 + 0.8441%)A (23)

Fig. 8 shows Shp/Pep'? plotted against L/D for L/D > 1. The measured Shp/Pep'’? increases with increasing
pH and L/D. Eq. (18) was combined with the £ correlation, Eq. (14), as follows to evaluate the Sherwood

number, S/p, with chemical absorption:

Shyp = E ShY (24)

This equation can reproduce the dependencies of Shp/Pep!?

on pH and L/D as can be seen in the
comparison between the correlation and the data in Fig. 9, where 74% of the data are to within +£10%

CITOT1S.
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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 examine the applicability of the E correlation, Eq. (14), developed for the data of D =

12.5 mm to the larger D. Bubbles at pH = 12.5, 12.8 and 13 have the same V3 as those in clean water as



shown in Fig. 10. The bubble velocity V3 are higher in D = 18.2 mm than in D = 12.5mm since A are
smaller.

The mass transfer coefficients for all bubbles in D = 18.2 mm are shown in Fig. 11, in which the
number of the data for L/D > 1 is small because of a difficulty in generating large d bubbles in the cup
under rapid dissolution especially at high pH .Chemical absorption enhances the mass transfer as in the
case of D = 12.5 mm. The tendency of k; is different with that in D = 12.5 mm; k; are almost constant in
the Taylor bubble regime even at high pH.

The enhancement factors of bubbles in D = 18.2 mm were calculated by comparing 4; in the NaOH
solution with approximated k? which provided by using the least-square method (see Appendix A.2). The
measured £ are shown in Fig. 12 with the data of D = 12.5 mm, which shows good agreement within the
measurement deviation. This result implies that the dependence of the enhancement factor on d is not so
much affected by the pipe diameter. Because of high Pe (3.6 x 10°—1.4 x 10%), the concentration boundary
layer forming at the bubble interface is very thin, so that the change in D does not affect the mass transfer
in the boundary layer and the pH effect in the Eq. (14) is valid for both D. Though the shape and motion
of a bubble are affected by D, the dimensionless diameter d* can characterize them so that the term d* in
Eq. (14) works well for E as the bubble size effect. The enhancement factor correlation gives good

agreement and 91% of the data of D = 18.2 mm lie within +10% errors as shown in Fig. 13.
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Comparison between the Sh correlation Egs. (1), (14) and (17) and the data of D = 18.2 mm is
shown in Fig. 14. The dependence of Sh/Pe'? on d* is well reproduced by the correlation. As shown in

Fig. 15, the Sk correlation can evaluate 88% of the data with errors less than +10%.
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4. Conclusions

Single CO» bubbles rising through a pipe filled with a NaOH solution were measured to understand
the effects of pH and the bubble diameter d on the enhancement factor £. 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. The 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 £ for single bubble of 0.4 <A <1.4 and 7 <pH < 13.15 gave
good agreement with 93% of the data 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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Appendix A :
A.1 kY in clean water for D = 12.5 mm
Fitting equations of k; of clean CO> bubbles in water are acquired to calculate measured

enhancement factors. By using the least-square method, a parabolic curve is fitted for L/D < 1 and a

constant value is set for L/D > 1 (Fig. A.1). The equations are expressed as



2 —4 for L/D <1
o _ (2.45d° —0.06d + 6 x 10 (A.1)

L= {2.33 x 107° for L/D >1

where the constants are considered to have the appropriate units so as to make the units of each term [m/s].

The maximum deviation between the equations and the experimental data is 7.75%.
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A.2 k? in clean water for D = 18.2 mm

Being similar to k) for D = 12.5 mm, k} for D = 18.2 mm is fitted as

k? = 0.36d% — 0.017d + 4 x 10~* (A.2)

The maximum deviation between the equation and the experimental data is 14%.
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Appendix B : Experimental data

Table B.1 Experimental data for D = 12.5 mm”

d Vs kL d Vs kL d Vs kL d Vs kL d Vs ke
Clean water 10.56 0.106 2.28 pH=12.25 7.86 0.124 4.05 725 0.136 5.55
512 0.178 3.64 10.67 0.104 241 671 0.152 2.87 942 0.101 425 746 0.133 5.61
535 0.174 3.52 1072 0.106 231 684 0.147 293 953 0.097 4.19 868 0.112 525
540 0.182 340 1077 0.103 245 684 0.149 2.88 1095 0.099 3.81 888 0.107 535
549 0.175 3.58 10.89 0.103 230 7.49 0.131 293 1096 0.099 393 922 0.103 546
563 0.169 323 1097 0.098 222 801 0.123 2.75 11.17 0.099 391 943 0.102 545
575 0.168 332 11.05 0.100 222 886 0.112 2.72 1137 0.100 4.03 990 0.100 5.30
599 0.162 334 11.10 0.099 245 888 0.113 2.61 11.88 0.102 4.17 10.00 0.104 5.14
6.02 0.164 322 11.10 0.100 240 894 0.109 2.65 1238 0.100 3.99 1020 0.102 5.29
6.03 0.163 341 11.71 0.102 230 9.04 0.111 276 13.05 0.101 3.79 10.58 0.102 5.20
6.04 0.161 3.04 11.87 0.103 2.28 10.07 0.102 2.63 13.17 0.100 396 11.01 0.102 4.93
6.15 0.161 298 1250 0.102 241 10.11 0.103 2.58 13.95 0.100 430 11.19 0.101 5.26
631 0.155 3.17 12770 0.102 239 1060 0.106 2.56 1398 0.100 426 11.29 0.100 5.25
6.49 0.152 2.87 1290 0.102 222 11.21 0.100 2.64 15.16 0.100 4.13 11.34 0.101 5.02
6.55 0.154 3.03 1290 0.103 242 11.48 0.097 2.53 1554 0.100 395 11.41 0.099 542
6.86 0.146 2.80 13.43 0.102 227 11.53 0.098 2.53 16.54 0.099 433 11.67 0.100 5.17
7.01 0.144 295 14.18 0.102 226 1210 0.103 2.61 1657 0.099 447 1238 0.101 5.53
7.13 0.139 2.86 1420 0.102 2.38 13.48 0.101 2.52 pH=12.9 12.50 0.100 5.40
732 0.134 297 1420 0.102 239 1359 0.101 248 658 0.152 4.69 1286 0.100 5.58
756 0.126 291 1430 0.102 244 13.62 0.101 2.62 6.62 0.150 494 1291 0.100 548
759 0.128 2.64 1441 0.102 2.19 1394 0.101 256 6.72 0.149 475 13.01 0.100 5.61
7.60 0.127 2.84 1540 0.102 245 1461 0.101 2.63 696 0.143 458 13.02 0.100 5.33
7.63 0.128 2.84 1560 0.102 237 1508 0.101 2.66 698 0.142 430 1424 0.100 5.59
7.81 0.121 2.59 16.10 0.101 239 16.09 0.100 2.69 7.06 0.141 4.80 1479 0.099 5.88
798 0.122 277 16.15 0.101 225 1625 0.100 2.63 727 0.136 4.51 1480 0.099 5.68
8.02 0.118 2.63 1625 0.102 232 16.65 0.100 2.70 727 0.138 4.60 1541 0.099 5.86
8.09 0.121 291 1642 0.100 2.37 pH=12.5 870 0.114 446 1575 0.099 5.66
820 0.115 275 16.86 0.100 230 6.11 0.159 349 9.12 0.107 491 16.11 0.098 5.90
839 0.114 2.83 1694 0.100 225 6.15 0160 3.73 920 0.106 4.76 pH=13.15
843 0.115 2.53 17.05 0.100 237 739 0.132 342 973 0.098 4.65 792 0.122 6.58
859 0.110 2.62 pH=12 8.19 0.120 331 994 0.102 4.85 877 0.108 6.61
8.62 0.106 257 683 0.145 2.84 847 0.113 325 10.13 0.101 4.66 922 0.102 6.30
877 0.106 271 826 0.114 2.66 10.11 0.109 3.09 11.50 0.099 4.53 932 0.103 6.37
878 0.106 2.73 827 0.118 249 1034 0.108 3.17 1223 0.101 4.57 1033 0.102 6.01
882 0.104 270 858 0.109 2.64 1137 0.099 3.15 13.01 0.101 4.60 10.68 0.102 6.50
9.13 0.099 265 9.19 0.106 269 1269 0.102 3.04 13.18 0.100 4.80 1090 0.101 6.34
937 0.097 257 924 0.104 268 1294 0.101 3.17 1326 0.100 486 11.44 0.100 6.37
943 0.103 232 10.51 0.103 242 1325 0.101 295 1329 0.100 475 11.57 0.100 6.36
9.69 0.098 256 13.63 0.101 216 14.67 0.101 3.16 1346 0.100 457 12.61 0.099 6.65
9.70 0.097 242 14.84 0.101 226 1525 0.101 3.10 14.54 0.100 484 12.64 0.099 6.55
9.78 0.097 232 1494 0.101 2.28 pH=12.8 pH=13 13.70 0.099 6.84
994 0.104 245 1575 0.101 244 698 0.142 433 635 0.152 550 13.79 0.099 7.00
1044 0.107 227 1622 0.101 238 7.01 0.142 444 6.71 0.147 572 14.08 0.098 6.92
10.55 0.106 2.39 7.84 0.122 412 674 0.146 553 1427 0.098 7.07




Table. B.2 Experimental data for D = 18.2 mm”

d V ki d Vs ki d Vs ki d Vs ki d V ki
Clean water 11.10 0.144 288 21.10 0.139 223 18.58 0.139 3.17 1831 0.139 4.52

523 0208 347 1121 0.145 270 21.39 0.140 2.13 1877 0.140 3.01 pH=13
526 0208 3.53 11.51 0.139 2.74 2150 0.139 221 1989 0.139 299 528 0.189 528
558 0.198 325 11.56 0.143 2.72 21.79 0.140 2.14 1992 0.139 3.11 532 0.189 588
5,61 0205 3.66 1190 0.144 2.72 2190 0.140 2.19 20.03 0.139 3.04 538 0.192 537
5.69 0203 3.60 12.07 0.147 276 22770 0.140 2.09 pH=12.8 576 0.188 544
5,69 0202 331 12.14 0.146 2.77 22777 0.138 232 585 0.194 511 6.10 0.185 5091
579 0.195 346 12.15 0.146 2.84 2291 0.140 2.15 6.02 0.188 4.69 6.14 0.189 6.25
5.84 0.197 3.77 1233 0.146 2.70 23.05 0.140 2.07 6.04 0.193 527 6.62 0.186 529
598 0.199 3.63 1242 0.145 2.59 2328 0.140 216 641 0.190 439 6.79 0.185 6.09
599 0.194 339 12.83 0.141 2.78 2336 0.140 225 692 0.185 440 6.83 0.184 5.63
6.07 0.193 3.04 1297 0.140 2.75 2431 0.140 224 697 0.184 514 7.01 0.182 5.75
6.10 0.193 331 1298 0.140 2.71 2432 0.140 223 7.19 0.181 476 735 0.177 540
6.17 0.195 3.60 13.16 0.138 2.53 2452 0.140 2.19 756 0.174 495 7.61 0.179 5.73
624 0.190 321 1342 0.137 2.59 2491 0.139 225 761 0.176 526 842 0.171 545
628 0.194 344 13.63 0.140 2.69 pH=12.5 821 0.170 496 849 0.170 6.04
6.50 0.188 342 1396 0.142 246 578 0.192 386 829 0.170 497 8.67 0.169 6.42
6.64 0.189 3.18 14.62 0.142 2.64 589 0.192 3.66 836 0.169 480 9.73 0.163 6.60
6.79 0.187 3.61 14.66 0.142 261 590 0.191 353 923 0.166 473 10.72 0.151 645
6.79 0.189 331 1494 0.140 248 594 0.189 371 949 0.161 526 1085 0.149 6.54
6.85 0.181 3.52 1495 0.141 256 6.07 0.189 3.80 10.60 0.153 490 12.01 0.140 5.69
7.01 0.180 3.06 15.11 0.140 249 743 0.181 3.52 10.62 0.147 491 1205 0.142 5.76
7.15 0.181 3.16 1534 0.139 245 7.69 0.174 355 10.72 0.151 513 1232 0.142 5.68
735 0.174 281 16.00 0.140 2.53 850 0.169 339 1080 0.148 530 1260 0.142 5.76
738 0.175 343 16.00 0.140 233 890 0.168 3.72 11.44 0.140 486 12.83 0.142 592
739 0.178 320 16.01 0.141 245 897 0.169 328 1147 0.144 497 1285 0.142 579
7.62 0.173 341 1630 0.140 245 1046 0.151 3.89 12.69 0.143 451 1294 0.141 578
7.68 0.172 3.35 17.03 0.140 225 10.76 0.150 3.61 1271 0.141 420 14.13 0.140 594
775 0.172 2.80 17.20 0.140 2.29 1226 0.144 325 1287 0.141 423 14.18 0.140 5.84
7.80 0.172 3.18 17.21 0.139 249 1227 0.143 344 1321 0.138 4.54 1421 0.139 5.75
7.80 0.171 3.03 17.57 0.139 228 12.51 0.144 340 13.28 0.137 430 1494 0.139 582
7.87 0.172 296 17.60 0.140 242 1349 0.138 331 1329 0.138 440 1495 0.139 5.69
8.10 0.170 3.11 18.04 0.140 243 13.74 0.140 342 13.62 0.139 438 1507 0.139 589
824 0.169 296 18.50 0.140 2.22 1390 0.142 3.07 1470 0.139 438 1626 0.139 5.63
829 0.171 3.02 18.55 0.140 2.32 15.06 0.140 3.06 14.73 0.139 4.67 1645 0.139 584
836 0.169 323 18.70 0.140 2.18 1582 0.139 3.17 1475 0.139 437 16,51 0.139 5.75
8.82 0.169 285 18.77 0.140 235 1638 0.139 3.15 16.01 0.139 442 1733 0.139 597
9.06 0.164 3.12 1942 0.140 222 1645 0.140 281 1621 0.139 440 17.68 0.139 5.67
9.17 0.166 294 1947 0.140 231 16.57 0.139 3.16 1622 0.139 4.17 17.68 0.139 5.76
9.33 0.164 2.77 1990 0.140 224 1698 0.140 3.17 17.09 0.139 439
940 0.164 297 20.04 0.140 228 17.01 0.140 3.19 17.22 0.139 425

10.02 0.153 293 2034 0.140 2.17 17.08 0.140 3.15 17.42 0.139 4.27

10.05 0.150 299 20.78 0.140 2.07 1841 0.139 3.14 18.11 0.139 435

“the units of d, V3, and k; are mm, m/s, and (x 10-4) m/s, respectively.

Presented experimental data of clean water were provided from our previous study (Hosoda et al., 2014;

Aoki et al., 2015b).
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