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The solubility, the surface concentration and the dissolution behavior of carbon dioxide in

deep sea were numerically investigated. Base on the calculations the relations between the
surface concentration of liquid carbon dioxide droplet with the hydrate film and the solubility
and those between the ambient carbon dioxide concentration in the plume and the disselution
rate were obtained. The results show that a carbon dioxide droplet is released both at (000 m
in depth with the initial droptet diameter of 0.011 m or less and at (300 m in depth with a
diameter of 0.015 m or less, and the droplet is completely dissolved below 500 m in depth. The
hydrate film acts as a resistant layer for the dissolution of liquid carbon dioxide, and the effect

of the hydrate film on the disselution of liquid carbon dioxide depended upon the depth.
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Nomenclature

A Surface area of a carbon dioxide droplet
(m?)

Cp . Drag coefficient

C, . Surface concentration of a carbon dioxide
droplet (kg/m?)

Cs : Solubility of carbon dioxide in seawater
(kg/m* and kmol/m?)

Cs. s © Solubility of carbon dioxide in pure water
(kg/m® and kmol/m?)

C.. : Concentration at infinity (kg/m?%)

dco, - Diameter of a carbon dioxide droplet (m)

b Dittusion coefficient (m?/s)

Feo, | Fugacity of carbon dioxide (MPa)

g . Gravitational acceleration(m/sec?)

E : Mass transfer coefficient (m/sec)

Ky Henry’s law constant(MPa)
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Ms, !

Vcoa .

Xcoy .

Xcoz

ke

Molecular weight of seawater (carbon

dioxide free) (kg/kmole)

* Number of moles of carbon dioxide dis-

solved in seawater

. Pressure (MPa)

. Salinity (%)

. Temperature (K)

. Rising velocity of a carbon dioxide droplet

(m/sec)

: Velocuty of the surrounding seawater {m/

sec)

: Volume of a carbon dioxide droplet (m3)
* Volume of seawater (carbon dioxide free)

(m?)

Molar volume of carbon dioxide at its
normal boiling temperature (m#/kmof)
Solubility of carbon dioxide in seawater in
mole fraction

. Solubility of carbon dioxide in pure water

in mole fraction

: Salting-out coefficient
. Effect factor of the hydrate film
. Effect factor of the ambient concentration
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in the plume
@ . Dimensionless association factor of sea-
water
. Viscosity of seawater (kg/m - s}
vs,w . Kinematic viscosity of seawater (m?/sec)
Oca, . Density of carbon dioxide (kg/m?)
0s,w . Density of seawater (carbon dioxide free)

(kg/m%)
1. Introduction

The use of fossil fuels like coal, oil and natural
gases around the world causes an increase of the
carbon dioxide content in the atmosphere (Choi,
1992). In order to reduce the concentration of the
greenhouse gas, the idea of carbon dioxide seques-
tration in the ocean is proposed to be an effective
mitigation strategy to counteract potential global
warming due to the “greenhouse effect” (Mar-
chetti, 1977 and Steinberg et al. 1984). Carbon
dioxide sequestration in the ocean can be classi-
fied into two categories. Qne is the dissolution
and the diffusion of carbon dioxide at an interme-
diate depth (500 m~ 1,500 m), where released
liquid carbon ditoxide droplets dissolve in sea-
water during the process of rising due to buoy-
ancy (Fig. 1). The other is the deep-sea disposal
and storage of carbon diexide in a seabed deeper
than 3,000 m, where the liquid carbon dioxide
density becomes larger than that of ambient sea-
water, Liquid carbon dioxide stored in a deep
seabed would dissolve in the undercurrent flows
(Fig. 2).

In order to evaluate these two strategies, the

Dissolutioin of CO, droplets released from
pipe outlet hanged from a moving ship at
intemediate depth of ocean

Fig. 1

dissolution rate of liquid carbon diexide is impor-
tant because pH decreases as carbon dioxide
dissolves in seawater. Sam (1997} reported on the
safety of the underground disposal of carbon
dioxide. Herzog et al. (1996) observed the envi-
ronmental impacts of the ocean disposal of car-
bon dioxide. Aya et al. (1992) and Shindo et al.
(1995} investigated the shrinkage of hydrate
-coated and hydrate-free carbon dioxide drops
resting on a solid plate or a wire grid immersed in
guiescent water or seawater. Nishikawa et al
(1995} and Hirai et al. (1996 and 1997} perfor-
med similar observations with carbon dioxide
drops at 3, 000 m in depth, each held stationary
by a basket or wire ring in steady, nearly parallel
flow of seawater or pure water. Teng et al. {(1996)
attempted to assess the effect of the variation of
solubility along depth (0 m ~ 1,000 m) on the
dissolution of carbon dioxide effluent, and Teng
and Yamasaki (1998) reported on the solubility
of liquid carbon dioxide in synthetic seawater at
temperatures from 278 K to 293 K and pressures
from 6.44 MPa to 29.49 MPa. Loken and Austvik
{1993) obtained experimently the hydrate equilib-
rium line and the carben dioxide gas/liquid
equilibrium line.

However, most of the researchers attempted to
predict the carbon dioxide dissolution behavior
with the physical and chemical properties of pure
water or neglecting the effect of hydrate film that
is ice-like inclusion compounds formed at the
interface between a carbon dioxide droplet and
seawater. Also they calculated the dissolution
behavior by assuming that the solubility and the
salinity are constant along depth. In order to

. S A A
Fig. 2 Deep ocean storage of liquid CQ, at a seabed
deeper than 3000m
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make carbon dioxide dissolve completely, it is
important to predict the carbon dioxide dissolu-
tion behavior along depth accurately. However,
these unrealistic property data used for the previ-
ous research could give inaccurate predictions.

For a more realistic study, therefore, a point in
Clipperton-clarion which was assigned to the
Republic of Korea by the United Nations for
seabed mining was chosen as the carbon dioxide
sequestration spot. This spot is located at 125.5°
W and 20.5° N. The solubility, the surface concen-
tration and the dissolution behavior of carbon
dioxide at ocean depths are investigated using the
real properties data of Clipperton-clarion, In
addition, the relations between the surface con-
centration of a liquid carbon dioxide droplet with
hydrate film and the solubility and those between
the ambient carbon dioxide concentration in the
piume and the dissolution rate are predicted in
this study.

2. Governing Equations

2.1 Solubility of liquid carbon dioxide

Carbon dioxide and seawater have very differ-
ent physical characteristics. Carbon dioxide is a
nonpolar substance, while seawater has sirong
polarity. Therefore, the solubility of liquid car-
bon dioxide in seawater is much larger than that
of water in liquid carbon dioxide. For the present
study, the liquid carbon dioxide-seawater sysiem
is treated as a one-sided solubility system assum-
ing that liquid carbon dioxide is the solute and
seawater is the solvent, The carbon dioxide solu-
bility, C,, may be defined as

__ Hco,
CS_ VS,U) (1)

The solubility may be expressed alternatively in
mole fraction as

_ Cs
X0 =TT o wl M, ) (2
Qr
_ XcoaOs, w
CS_ (l_xCOz)Ms,w (3)

The solubility of carbon dioxide in pure water
may be expressed by the modified Henry’s law
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(King, 1969} as

- fCﬂz 4
X¢o, KH ( )
The solubility of carbon dioxide in seawater also
depends on the salinity. The effect of salinity on
the solubility may be examined by considering the
Setchenow equation (King, 1969)

S%
XCoz=xcwoz€a (5)

From Eq. (4) and (5), the solubility of carbon
dioxide in seawater can be derived as

Feoa \  aS%
L )e (6)

The Henry’s law constant (&;) and the salting
-out coefficient (o) are expressed by Teng and
Yamasaki {1998) as follows,

27602:(

Ky=a+tb+P+cx Pt (7
with
a=520x10P=392x T4+0.075x T*
h=—103+0.708 x T —1.20x 103 T*
c=0.022
and

a=0.543-3.54X 1073 % T+5.69% 1070 T*
(8)

2.2 Dissolution behavior of carbon dioxide
droplet
The dissolution behavior of liquid carben
dioxide droplet is described as

Aoce¥) — _ pa(Co—Ca) (9)
According to Hirai (1996 and 1997) and Mori
{1998), the carbon dioxide droplet behaves like a
rigid sphere because of the hydrate film formed at
the interface between a carbon dioxide droplet
and seawater. Therefore, the mass transfer coeffi-
cient % is described from {Clift et al., 1978}

Sh=14(Sc+1/Re) #0.752Re*™  (10)
Because S, 1s much greater than 1/Re generally,
Sh=140.752 R4 53 (n

The second term on the right-hand side of Eq.
(11) is pgreater than unity. Hence Eq. (11)
becomes
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Sh=0.732 RS 1 (12)
Substituting Sh=kdeo,/ D, Re= Udco./ vs, » and
Se=vs, »/ D into Eq. {12), the equation can be
expressed as follows :

kdco, _ ( Ud.o, )0-“2( Vs, )“3
b0 = 7 (13)

From Eq. (13), the mass transfer coefficient %
turns out to be as follows:

U0.472D213 ( I4)

0.528, 0.139
o Vs, w

k£=0.752

And, the rising velocity {7 in Eq. (14) is esti-
mated as follows (Clift et al., 1978):

[ 3deo (05w — Pco;;) g
U=yl a9

Also, the diffusion coefficient D in Eq. (14) is
evaluated from the Wilke-Chang equatioin.
{(Wilke and Chang, 1955)

1.4 107° o)

D

A carbon dioxide droplet rises upward due to
buoyancy when it is released at the intermediate
depth of the acean. Eq. (9) can be described as

4

L Frr o)== 4m k(G C) (1)
d _ 2k(C—Cu)  desldpoodt)

7 (dead = Py 3o, (18)

where

d _ ddco, | dz _ ddcos _
E(dCOz) - dz df — dz (U Us) (19)
d _ dpco, . dz _ dpeo, _

7 (pCOz) = dz At = dz (U Us) (2‘0)

If Co» Ca., Eq. (18) can be simplified to calculate
the change in diameter of carbon dioxide droplet
as 4 function of depth (z)

d(dcoz) — szo dCOz
dz (U—Us) peo,

d(pco;)
310502 dz

2n

In a pure single droplet model, [J, is equal to

ZEeT0.

3. Results and Discussions

In the calculations, it is assumed that 1¢ m
difference depth corresponds to 0.1 MPa pressure
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Fig. 3 Density distributions of seawater aton depth
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Fig. 4 Salinity distributions of seawater alon depth

difference. The density of pure liguid carbon
(pes,) and the fugacity{fee,) are
obtained from the National 1nstitute of Standards
and Technology Database 23 : REFPROP 6.01
(1998). On the other hand, the density, the
kinematic viscosity, the temperature and the salin-
ity along depth at Clipperton-clarion are avail-
able at the IRI/LDEQ Climate Data Library
(Columbia univ., 1999). Figures 3 and 4 show the
density and the salinity along depth at the release

dioxide

potnt. Figure 5 shows the temperature of the
seawater along depth at the release point and the
equilibrium line of carbon dioxide reported by
Loken and Austvik (1993). The density of pure
liquid carbon dioxide applied at the temperature
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and the pressure along depth at Clipperton-clar-
ion is shown in Fig. 6 where the sudden change in
the density of liquid carbon dioxide is observed
from 400 m to 500 m in depth.

3.1 Solubility of carbon dioxide

Figure 7 shows the solubility of liquid carbon
dioxide in pure water and seawater calculated by
Eq. {4} and Eq. (6). From the figure, it is found
that the solubility of carbon dioxide in seawater is
lower than that in pure water. The solubility
without hydrate in seawater is 8195 ~989 of that
in pure water depending upon the depth. If the
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100
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Fig. 7 Solubility distributions of liquid carbon
dioxide aleng depth

difference is averaged in the range of the depth
from 100 m to 1500 m, the relation between the
solubility in seawater and pure water becomes as
follows :

Cs=093C, (18)

When the carbon dioxide dissolution behaviors
were studied in the previous researches, the solu-
bility in pure water was used instead of that in
seawater (Hirai et al., 1996 and 1997). Therefore,
it is difficult to get an accurate prediction on the
dissolution behavior. However, if the researchers
use Eq. (18) with the carbon dioxide solubility in
pure water, the dissolution behavior of a liguid
carbon dioxide droplet in seawater could be
predicted mote accurately than that of the previ-
ous studies.

The sudden change in the gradient of the solu-
bility of liquid carbon dioxide is observed around
500 m in depth from Fig. 7. The solubility of
liguid carbon dioxide increases at the average rate
of 0.1349 kg/m? per meter from 100 m to 500 m in
depth. On the other hand, the increasing rate of
the solubility from 500 m to 1500 m significantly
decreases to 0. 0132 kg/m® per meter, which is
only one tenth of the former. In addition, it is
known from Figs. 5~7 that a liquid carbon
dioxide droplet changes to a carbon dioxide
bubble in gas phase around 500 m in depth. And,
carbon dioxide quickly escapes to the atmosphere
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Fig. 8 Comparison of the experimental and calcu-
lated surface concentration

if a liquid carbon dioxide droplet does not com-
pletely dissolve in seawater below 500 m, because
its density in gas phase is much lower than that of
seawater. Therefore, in order to prevent carbon
dioxide from escaping into the atmosphere, it is
important to make carbon dioxide dissolve com-
pletely below 500 m in sea water.

32 Surface concentration

The most important characteristic nature of
carbon dioxide sequestration into the ocean is the
formation of a hydrate film at the interface
between seawater and a ligwid carbon dioxide
droplet so that the surface concentration of a
liquid carbon dioxide droplet with hydrate film is
different from the solubility of pure liquid carbon
dioxide. The hydrate film disturbs liguid carbon
dioxide dissolution. However, the formation of
hydrate film was neglected in the most previous
studies because of the simplicity (Teng et al,
1996). To take account of this matter, the experi-
mental data of surfuce concentration are obtained
from the Research Center for Carbon Recycling
and Utilization at Tokyo Institute of Technology
in Japan. Using the experimental data and Engi-
neering Equation Solver, Version 4.734 (1998),
the prediction formula in error of 2.0 9 at tem-
perature and pressure of commen engineering
applications is prepared. The calculated results in
this study and experimental data in pure water by

0.012

0.010

0.008

0.008

£.004

Droplet diameter {m )

0.002

0.000 —
1000 %00 800 700 600 500

Ocean depth (m)

Fig. 9 Dissolution behavior of a carbon dioxid
droplet with the hydrate film released a 1000
m in depth

the Tokyo Institute of Technology are shown in
Fig. 8. Using the calculated data from the Tokyo
Institute of Technelogy and Eq. (18), the surface
concentration {Co} of carbon dioxide droplet is
calculated and presented in Fig. 7. In Fig. 8, the
calculated results agree well with the experimen-
tal results. If the prediction formula is used for
estimating carbon dioxide dissotution behavior, it
is easy to predict the surface concentration of
carbon dioxide with the hydrate film without
doing an experiment.

3.3 Dissolution Behavior

Figure 9 shows the dissolution behavior of
carbon dioxide when the droplet is released at 1,
000 m in depth and rises up to 500 m in depth.
When the initial diameter of carbon dioxide
droplet is 0.011 m or less, the droplet is complete-
ly dissolved in seawater. However, if the diameter
of the droplet is bigger than 0.011 m, dissolution
is not completed before the carbon dioxide dro-
plet reaches 500 m in depth.

Hirai et al. (1997) showed the droplet released
at 1000 m was completely dissolved when the
initial diameter of carbon dioxide droplet is 0.01
m or less. The difference between the result of
Hirai’s and that of this study’s is because the
conditions of released spot and Hirai et al. calcu-
lated the dissolution behavior with the surface
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Fig. 10 Dissolution behavior of a carbon dioxid

droplet with the hydrate film released a
1500 m in depth

concentration in pure water. This comparison
means sea water disturbs the disselution of liquid
carbon dioxide.

Also, the dissolution behavior is shown in Fig.
10 for a carbon dioxide droplet released at 1, 500
m in depth. A carbon dioxide droplet of diameter
0. 015 m or less is completely dissolved below 500
m in depth, but the droplet bigger than 0.015 m is
not completely dissolved. Therefore, the initial
diameter of the released droplet is a key parame-
ter for the dissolution in the intermediate depth of
the ocean.

3.4 Relation between surface concentration
and solubility
The relation between surface concentration and
solubility is given as the following equation

Co=pBCs (19)
d

Using the data of surface concentration (Co)
from Fig. 7, the dissolution behaviors of liquid
carbon dioxide released at 1,000 m and 1,500 m in
depth are calculated and shown in Fig. 11 and
Fig. 12. According to the results of Hirai et al.
(1996), B is about 0.5 at 10~40 MPa with con-
stant temperature of 276 K. However, it is found
from Fig. 11 and Fig. 12 that 8 becomes 0.6, not
0.5 il the droplet is released at 1,000 m in depth.
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£ 0.006
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£ 00041
e
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Fig. 11  Effect of the hydrate film on the dissolution
behavior released at 100 m in depth
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Y [\
. \‘
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1566 1360 1100 900 700 580
CGcean depth (m)
Fig. 12 Effect of the hydrate film on the dissolution

behavior released at 150 m in depth

And, if it is released at 1,500 m in depth 8
corresponds with 0.5 as the results of Hirai et al.
(1996). Therefore, the different values of &
should be applied for accurate prediction depend-
ing upon the releasing depth,

The dissolution behavior of carbon dioxide
droplet with {(#=0.5 and 0.6) and without {#=
1) the hydrate film is shown in Fig. 13 and Fig.
14. The figures show that the hydrate film acts as
an obstacle for the dissolution into seawater.
Therefore, if the hydrate film formation is neglect-
ed, it gives very poor prediction for the carbon
dioxide dissolution behavior.
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3.5 Relation between dissolution behavior
and ambient carbon dioxide concentra-
tion

Once liquid carbon dioxide is injected from a

nozzle, a number of small carbon dioxide droplets
are created. A large group of small droplets is
called a plume. Because the concentration of
carbon dioxide in the plume is much higher than
that of plain seawater, the dissolution rate of
liquid carbon dioxide in the plume rapidly
decreases. It is because the dissolution rate is

0.008
= Db0gs
E
Nt 0.3
=
g Q.2
& 0.004
© 0.1
@
g
S 0002 T=00
0.000 , - .
1000 900 80O 700 600 500
Gcean depth (m )

Fig. 15 Effect of the ambient carbon dioxide con-
centration on the dissolution behavior of
carbon dioxide released at 100 m in depth
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gl
o
—  0.004] 01
o
(=9
e T=00
e $.002

0.000 —

1550 1300 1100 900 700 500
Ocean depth (m )
Fig. 16  Effect of the ambient carbon dioxide con-

centration dissolution behavior of carbon
dioxide released at 150 m in depth

proportional to
around the droplet. In order to increase the
dissolution rate of carbon dioxide, it is necessary

the concentration gradient

to restrain the formation of a large plume and to
decrease the ambient concentration of carbon
dioxide droplet around the releasing point,

The effect of the ambient concentration of
carbon dioxide on the dissolution rate is shown in
Fig. 15 and Fig. 16 using Eq. (20).

Co=7Cs (20)
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It may be seen from Fig. 15 and Fig. 16 that an
increase of the ambient carbon dioxide concentra-
tion induces a suppressing effect of dissolution
retardation. This means that the ambient carbon
dioxide concentration is another crucial parame-
ter for the complete dissolution at the intermedi-
ate ocean depth. Therefore, in order to reduce the
ambient carbon dioxide concentration, the injec-
tion of liquid carbon dioxide from a moving ship
is much more effective than that from a fixed
point.

4. Conclusions-

The conclusions from the present study are as
follows :

(1} Liquid carbon diexide changes to carbon
dioxide bubbles around 500 m in depth. There-
fore, liquid carbon dioxide should be completely
dissolved below 500 m in depth.

(2) The prediction formula in error of 2.0 9 at
temperatures and pressures used in common engi-
neering applications is suggested. Thus, the sur-
face concentration of carbon dioxide with the
hydrate film could be predicted without doing an
experiment.

(3) The droplet is completely dissolved below
500 m in depth if the carbon dioxide droplet is
released both at 1,000 m in depth with the initial
droplet diameter of 0.011 m or less and at 1,500 m
in depth with the diameter of 0.015 or less.
Therefore, the initial diameter of the released
droplet is a key parameter for the dissolution in
the intermediate depth of the ocean.

(4) Surface concentration of carbon dioxide
droplet with the hydrate film is about 309 of
carbon dioxide solubility at 1,500 m in depth and
about 609 of carbon dioxide solubtlity at 1,000
m in depth. Therefore, the effect of the hydrate
film has to be considered differently depending
upon the depth.

{5) The hydrate film acts as a barrier for the
dissolution of liquid carbon dioxide.

{6} The ambtent carbon dioxide concentration
in the plume is another crucial parameter for
complete dissolution at the intermediate ocean
depth. Therefore, the injection of liquid carbon

Namjin Kim, Jaeyong Lee, Byungki Hur, Taebeom Seo and Chongbo Kim

dioxide from a moving ship is more effective than
that from a fixed pipeline.
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