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Abstract-The dynamic process of gas absorption from g R@ble into a liquid is examined in the presence
of satellite bubbles. The bubble under consideration is held stationary, except its jittering, by the liquid flowing
downward. The mass transfer rate is determined by monitoring the rate of reduction in the equivalent bubble
diameter during the initial absorption process. It is found that the interaction with the satellite bubbles generally
hampers the dissolution of the primary bubble. The extent of reduction in the dissolution rate increases with the
net contacting time during the interaction. When the secondary bubbles interact with the primary bubble mainly
outside of its wake, however, the dissolution tends to be enhanced due to induced turbulence in the surrounding
liquid flow. A simple theoretical model is developed to simulate the observed results as well as the basic fea-
tures prevailing in a recently proposed scheme, called the GLAD system, for shallow injectiopn gdsdfto

seawater.
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INTRODUCTION

CGO, gas is sparged into the shorter leg, or the riser, and leaves
from the bottom of the longer leg, or the downcomer, as dis-

Carbon dioxide needs to be reduced in its atmospheric consolved components in seawater. The upward motion of the
centration due to its ever-increasing role in global warming. Asliquid induces “suction” of fresh seawater at the riser bottom;
one promisingshort-termmeasure, a system called Gas Lift CQO-enriched seawater released from the downcomer bottom
Advanced Dissolution (GLAD) has been recently proposedcould by itself descend before significant dilution takes place to
[Saito and Kajishima, 1997]. The GLAD system is primarily a deeper location.
adapted for the treatment of exhaust gases from the firepower For bubbles containing a large fraction of a gaseous compo-
station near the seashore and, as shown in Fig. 1, uses an inent of relatively high solubility such as €@issolution of the
verted J-shaped column submerged in the ocean. Compresseas into a liquid proceeds with appreciable shrinkage in the
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Fig. 1. Conceptual configuration of the GLAD system.
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bubble size. The dissolution process becomes further compli-
cated if the interaction between neighboring bubbles is signifi-
cant. In environmental applications which involve gas-disper-
sed multiphase flow, as in the GLAD riser, these complexities
are often superimposed; the proper design and operation of the
flow system require simultaneous analyses of local mass trans-
fer and hydrodynamic characteristics of bubbles and the sur-
rounding flow. Despite extensive research efforts over the last
four decades toward a comprehensive description of the phe-
nomena, information available in the literature is mostly fragmen-
tal [e.g., Calderbank and Moo-Young, 1961; Clift et al., 1978;
Kawase et al., 1992

In this study, the dynamic process of gas dissolution from a
single CQ-containing bubble into a liquid is examined in the
absence/presence of secondary satellite bubbles. Both experi-
mental and theoretical analyses are conducted. In the experi-
ment, the primary bubble is held almost stationary by forcing
the liquid to flow downward. The bubble behavior is monitor-
ed via a Charge-Coupled Device (CCD) camera and analyzed
using an image processing system. The theoretical analysis lays
its basis on modeling the dissolution process of a bubble com-
prising two components of different solubility. Formulated in a
set of differential equations with general expressions for the perti-
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nent physical parameters, the model can be used to simulate th@arying the gas supply pressure to the bubble injection line.

dissolution process under various conditions. Tap water or its NaCl solution is used as the liquid phase. The
system of circulating liquid is pressurized by nitrogen at a de-
EXPERIMENTAL sired level up to 0.6 MPa. The effect of salts content is examined

over the NaCl concentration range3@t%, which corresponds

The dynamic behavior of a G®ubble is recorded via a to typical NaCl concentrations of seawater (up to 3.5wt% in
digital CCD camera (Panasonic NV-DS5), and later analyzederms of total salts).
frame by frame to estimate its size (volume-equivalent diame-
ter) from the projected bubble area. If the gas phase within the MODELING
bubble is assumed to be, at least initially, pure, @@ absorp-
tion rate of CQ into the liquid can be determined from the  One of the important requirements in the GLAD technology
time variation of the bubble size. For detailed observation ofis to achieve sufficient dissolution of €B®ubbles within the
the gas-liquid interface and the surrounding flow, a high-sensi-dissolution pipe, or the riser, of limited length (2800 m). In
tivity CCD camera (Hamamatsu Photonics Supetis2s47) this study, our previous model [Tsuchiya et al., 1987ex-
is utilized in its differential mode. Significantly enhanced in tended to bubbles containing lower-purity £®hich is more
contrast through this camera, particles (gh®-nylon beads) practical and realistic. For simplicity still, we consider the dis-
seeded in the liquid phase permit the movement of liquid ele-solution process of a single bubble (i.e., with negligible interac-
ments in the vicinity of the bubble as well as the fluctuating tion with its neighboring ones) comprising two components of
bubble-surface boundary to be traced effectively. different solubility (in this case, A: G@nd B: N). The rate of

The main apparatus used in this study, shown in Fig. 2, is théransfer of each component can be represented based on the
downward-liquid-flow column which consists of the tapered mass balance across the gas-liquid interface as
test section, topped with the liquid-flow straightening section,

and the bubble injecting section below. The lateral distribution %zg%{diyq%—mim (@)
of downward liquid velocity in the test section is improved

(more flattened) by the internal flow spoiler in the straightening  d(ysn.) _drm £(1-y)C, F—rN @)
section. Details of each section are described elsewhere [Tsu- dt  di6 " y b} ©e

chiya et al., 1997 Single bubbles of a fixed volume can be The effect of bubble-shape deformation on evaluating the true

introduced by utilizing alternate on-off switching of Ball valves interfacial area for mass transfer is not accounted for due to

B Iand C.fTrr:e initial bubble Eize Is cor;]trolled lby changinliq thethe complexity involved in the shape fluctuations. Rearranging
volume of the compartment between these valves as well as bl’ﬁqs. (1) and (2) for the volume-equivalent bubble diameger, d

and the mole fraction of A, ¥(y,), yields

dd_ 2ddC, \ L\ 0O

A: Gate valve Back- = +Na+Ng 3)
B, C: Ball valves A presgﬁre dt Gl dt -
contlrol gY 6
vave == =[(1-y)Na=yNe] 4)
Stainless dt dG, ) °
teel rod P . . .
seere ] g;izseure The molar fluxes in the above equations are given by
2 ) N, =kun(yCsr=Cia) (5)
@ E Ng=—K.s(yCse) (6)
o i X The molar density of the gas within the bubblg, i€ de-
© - i = termined from the equation of state:
g [T = e C,=p/ZRT 7
oo & s TI T [ e N
camera 29 B — < where Z is the compressibility factor andhg pressure inside
— [Fe o /@\“'; the bubble given as
3 s H
- = ¥ —_ 8
Video b o Py =p+40./d. (8)
system N zZ . . . L
- z S 5|1 by incorporating the effect of surface tension,which is sig-
©, — - 3 Sl nificant especially for small bubbles. Differentiating Eq. (7)
3 /0“- \i i with respect to time gives
i d—c"z—ubcb[%—%—Eﬂﬂ(mde)—ﬂ(mn—E(mzﬂ )
Bubble A A ; dt P U pldz 7 dz 7 dz
injection ‘-%E----DB%I_-- ----------------- 4 since the vertical coordinate of the bubble position in the GLAD

Drain Pump riser is specified by

Fig. 2. Schematic diagram of the experimental apparatus. dzdt=-U, (10)
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While the surrounding liquid is of almost infinite extent for a the initial bubble size (marked with filled symbols) has no ap-
single bubble rising in the riser, that in the present experimenpreciable effect on the bubble-diminishing rate over the initial
is finite. The following mass balance then needs to be made: rapid absorption period (t<10 s). Beyond this period, the dimin-

2 _ ishing rate becomes very slow and in 30 s, substantial part of

RAtE=TTk Ay CorCun)= (V. Cuny et (11) the CQ dissolution process has reached near termination, leav-
which gives an estimate of the rate of increase in the baCk‘mg d, finite and approaching asymptotic values. These asymp-
ground concentration of G@ the bulk liquid of volume M totic values correspond to the volume of gas which has been

dC./dt=RateV, (12) Fiesorbed from the liquid to the bubble, i.e, used to pressur-

ize the system.

Egs. (3), (4), (9), (10) and (12) are to be integrated simulta- Fig, 3 includes two lines which are obtained based on the pre-
neously for obtaining the axial/vertical distributions of the bub- sent model specifically for the initial period [iith y 01 in Eq.
ble size and the C@ontent within the gas phase, i.e., the rate (1)]. The broken line involves the liquid-phase mass transfer
of diminishing of a C@containing bubble, with all the perti-  coefficient, k, expressed based on the boundary-layer modifi-
nent parameters being expressed in mathematical forms [Tsltation of Higbie's surface renewal theory with a “surface-flow
chiya et al., 1997 retardation” factor [Tsuchiya et al., 199the solid line repre-
sents the model prediction with the liquid-phase agitation due
to interactive bubblegCalderbank and Moo-Young, 196aken
into account. While the former line follows the data for “con-

Typical time variations in the bubble diameter are shown intaminated” tap water, the latter predicts the less contaminated
Fig. 3 for two types of tap water with different contamination case.
levels. The data are taken for the dissolution of @bles in Fig. 4 shows the data obtained by Saito €f1899 using a
circulating water pressurized at 0.2 MPaiscevaluated at pro-  |arger-scale airlift column, along with those obtained in this
per time intervals as soon as each injected bubble gets stabiliztudy. The present results give slightly higher bubble-diminish-
ed in free suspension (after on the order of several secondshg rate than the large-scale results during the initial period;
Note the plot is made so that at tirs® & the bubble diameter  the difference, however, becomes negligible affés s, as the
is around 12 mm. As can be seen, especially in the lower figuregata approach asymptotic values. The model prediction of both

sets of data is improved by accounting for désorption. In
contrast to the dot-dash line which represents the model predic-

RESULTS AND DISCUSSION

14 | T tion with only CQ absorption taken into account, the solid line
12 representing the solution for the complete set of the differential
i equations given in the previous section can predict the entire
10 - . . . .
} dissolution process. The model calculation further characterizes
g 8 . the dissolution process by little change in the, @G@le frac-
~ s [ ] tion near unity followed by a transitory decrease down to zero,
| as depicted by the dotted line. This theoretical trend supports
4 . the experimental trend that a steady decrease in the bubble di-
2 ] ameter occurs initially followed by no appreciable variation in
9 1.2
14 T v T T T T T . T T T T
" @ [ O Saito et al. (1999)
12 deo (mim) 10F ~~-9~93f“3§cﬁon O with different .
- o 127 A ] A gas throughputs
0r o 119 ] —~ 08F @ .
g 8 A 853 ] <}
| ] < 06} v Present results N
6 . v 712 ] 3 I with different bubbles |
= al 2 < o04f
m — | 3
s A\ D _ ;
| Tap water AL dyp =5 mm '
0 ] N 1 1 i 1 i 1 00 I ] e ) N 1 R
0 10 20 30 40 50 ' 0 5 10 15 20
t (s) t(s)
Fig. 3. Effect of liquid contamination level on bubble-diminish- Fig. 4. Model performance evaluated based on two-differe
ing rate. sets of experimental data.

—-———:k_estimated based on the modified Higbie’s sur-
face renewal theory [Tsuchiya et al., 1994,——  : Base

on the correlation taking into account the liquid-phase tur-
bulence [Calderbank and Moo-Young, 1961].

———— bubble size with only CQOabsorption taken in
account—— : bubble size with,esorption taken in
account as well----.-: : CO, mole fraction within the bu
ble.
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the diameter. The transition is distinctive and its occurrence cor
responds well between the experiment and the modeling.

Based on the above comparisons of the results, the prese
model can be simplified to

de=deo—2(Csa/Cp)Kpat (13)

which predicts the initial dissolution process as a constant-
slope process in thed relationship. This implies that the
mass transfer coefficient kan be estimated from the rate of
reduction in the bubble diameter. Fig.5 shows the average &
slopes evaluated over the initial dissolution period for all the
liquids tested in this study. As seen in the figure, the slope ol §
“apparent” mass transfer coefficient depends on the type of lig-
uid used. The unerring difference in thevialue exists be- »
tween the two extreme cases, by a factor of four. This differ- F|g 7. \/suallzatlon of flow around |nteract|ng bubbles
ence is substantiated by the distinctive difference in the exten:
of bubble-surface oscillationsbservedthroughvisualization.  ary bubbles contact, normalized with the total interactive time
Reflecting the “rigidity” of the gas-liquid interface affected by for a whole sequence of bubble-bubble interaction. The interac-
the liquid-phase contamination level or electrolyte concentra-tion with the satellite bubbles is found generally to suppress the
tion, the extent of the oscillations can be quantified statistical-dissolution of the primary bubble. The extent of reduction in
ly in terms of geometric parameters such as the bubble perithe dissolution rate increases with the net contacting time. When
phery-to-area ratio and the local curvature of surface rippleshe secondary bubbles interact with the primary bubble mainly
[Tsuchiya et al., 1997 outside of its wake, however, the dissolution tends to be enhanced
Fig. 6 shows the effects of the presence of satellite bubblegjue to induced turbulence in the surrounding liquid flow.
on the mass transfer rate from the primary bubble. The abscissaFig. 7 shows two representative images of interacting bub-
signifies the net duration of time when the primary and secondples taken by the high-sensitivity CCD camera and reproduced
in the differential mode. The motion of tracer patrticles is clear-
ly seen near the bubble surface. The image on the left corre-

12 (;ase' Liquid' T ] sponds to the case where the secondary bubble enhances the
10f — T — J d|ssolut|_0n of thg primary bubble by_ closely mterac_:tlng \_Nlth .It
= I T'ap water (contaminated) ; but staying outside of its wake. The image on the rlght_ signifies
E O8F I Tapwater (contaminated) . the case where the secondary bubble contacts the primary bub-
) IV 1.5 wt% NaCl in tap water 1 ble at the base. In this case, the effective area for mass transfer
5 06F V  Tapwater T from the primary bubble is reduced, leading to the suppression
- 0al % of the dissolution rate.
3o
of v b 2 ] CONCLUDING REMARKS
0.0 L L L L L The physical model proposed in this study for single-bubble
I I v v dissolution provides a useful evaluation basis for the GLAD
Fig. 5. Effect of liquid type on initial slope of bubble-dimin-  performance on the CQbsorption. The effects of the rigidity
ishing rate. of the gas-liquid interface and the presence of secondary bub-
08 bles on the dissolution rate of the primary bubble can be eva-
' Lo T luated experimentally; in the model, however, these effects are
Single bubble with ?mjllssatil/l‘: bculbblfs 1 difficult to account for witha priori estimation of parameters
~ 06} s Retlseln | only. It is found that the simulation results are sensitive to the
= J J\ value of k estimated; for proper account of the present experi-
g I ‘v w v 1 mental findings, it is necessary to empirically correlate the k
gy 04r v v 1 value. By “tuning” the model prediction to fit the initial part of
= S 1 the experimental data, the dependence of the mass transfer co-
% ozl T~ v - 1 efficient on the extent of bubble-surface oscillations and on the
' v manner of bubble-bubble interactions could be incorporated into
the model using, e.g., the integral boundary-layer approach.
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NOMENCLATURE

: molar density of gas in the bubble [mofm
: concentration of COn the bulk liquid [mol riv]
: saturation concentration of Gt the liquid at bubble

surface [mol ]

the same volume as the bubble [m]

: gravitational acceleration [

: molar flux [mol m?s]

: moles of gas in the bubble [mol]

: liquid-phase mass transfer coefficient [ s
: pressure in the liquid phase [Pa]

: pressure in the bubble [Pa]

: gas constant [J m&K™]

: temperature [K]

s time [9]

: bubble rise velocity relative to the liquid phase [th s
: volume of the bulk liquid [rf}

: mole fraction of CQin the bubble

: compressibility factor

Greek Letters
p.  :liquid density [kg n¥]
o, :surface tension [N ij
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