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A new method for ocean disposal of anthropogenic CO, is proposed. In this method,
liquefied CO, is transported through a pipeline to a Kenics-type static mixer, submerged
at a depth between 500 and 1,000 m below the ocean surface and mixed with seawater in
the mixer and then released into the ocean. Because the pressure and temperature for
seawater at depths > 500 m satisfy those for hydrate formation, CO, hydrate may form
at the CO,—seawater interface. Thus, the release from the mixer is a mixture of liquid
CO,, hydrate, and seawater. The apparent CO, concentration of the release can be
determined by the CO,—seawater mixing rate and distribution of the CO, drops (with or
without a hydrate layer) produced in the mixer. This proposed disposal method was
simulated experimentally. The laboratory-scale simulation revealed that sizes of the
dispersed CO, drops and their distribution in the mixer were governed by the mixing rate
and the Weber number on the basis of the continuous phase (seawater); larger Weber
numbers led to smaller drop sizes and more uniform drop distribution. It was also
observed that the drops with a hydrate layer were generally smaller than those without a
hydrate layer under the same mixing rate and that a fairly uniform distribution for the
dispersed CO, drops was always obtained if the continuous-phase flow was fully turbu-
lent. Results of the laboratory simulation suggest that the environmental impact induced
by the CO, released by a Kenics-type static mixer may be better predicted than from
conventional injection methods. © 2004 American Institute of Chemical Engineers AIChE J, 50:
871-878, 2004
Keywords: static mixer, Weber number, seawater, ocean disposal, anthropogenic CO,

Introduction

Several scenarios for disposal and long-term sequestration of
the anthropogenic CO, in the ocean have been proposed as a
countermeasure to global warming (Halmann and Steinberg,
1999; Haugan and Drange, 1992; Kojima and Harrison, 1998;
Steinberg, 1984). In these scenarios, CO, is captured from the
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postcombustion gases and then is released into the ocean in the
form of gaseous CO, (Haugan and Drange, 1992; Saito et al.,
2000), liquefied CO, (Herzog et al., 1997; Ozaki, 1997), dry ice
(Nakashiki et al., 1991), or CO, hydrate (Saji et al., 1992;
Yamasaki et al., 2000). The appropriate release depth changes
with the buoyancy of the release in seawater and, therefore,
varies with the form of the CO,. The disposed CO,, no matter
in what form, is believed to dissolve fully in seawater and thus
is sequestered in the ocean for a long period of time. Various
factors, such as the form of the CO, and the release depth, the
rate and concentration at the release site, sizes and motion of
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the disperse CO, particles (that is, bubbles, drops, or solid
particles—dry ice and hydrate being solid), the rate of dilution
of the dissolved CO,, and so forth, affect the environmental
impact induced by the disposal. Only the disposal scenario
having the minimum environmental impact would possibly be
accepted by the public.

Among the scenarios proposed to date, disposal of liquid
CO, in the ocean at intermediate depths has been considered to
be the most feasible method on the basis of the cost and the
ocean environmental impact induced by the CO, disposal. In
this scenario, liquefied CO, is discharged through a submerged
pipeline into the ocean at a depth between 500 and 1000 m.
Because of the interfacial instability of the CO,—seawater sys-
tem, the liquid CO, efflux in seawater breaks up into drops
(Teng et al., 1997). Liquid CO, is less dense than seawater at
intermediate depths; thus, the CO, drops resulting from the
disposal tend to ascend to the ocean surface. Because the
ambient seawater is highly unsaturated with CO,, if the sizes of
the CO, drops are not very large, they will dissolve fully in
seawater before reaching the phase change depth where CO,
drops would turn into CO, bubbles. The CO,-rich seawater is
denser than that of the ambient seawater and thus it induces a
negatively buoyant plume in the seawater (Liro et al., 1992),
which transports the dissolved CO, to deeper depths where the
CO, concentration will be diluted.

Because the pressure and temperature for seawater at
depths > 500 m generally satisfy those for hydrate formation
[that is, T < 283 K and p > 44.5 bar (Song and Kobayashi,
1987)], CO, hydrate (a clathrate crystal with a stoichiometric
formula of 8CO,46H,0) may form at the CO,—seawater in-
terface. Formation of a thin layer of hydrate at the CO,—
seawater interface has been observed both in the ocean (Brewer
et al., 1999; Sakai et al., 1990) and in laboratory simulations
(Aya et al., 1992, 1993; Fujioka et al., 1994). Laboratory
simulations indicate that the dissolution rate for the CO, drops
covered with a hydrate layer is much smaller than that without
a hydrate layer (Aya et al., 1992; Ogasawara et al., 2000).
Thus, the CO, drops covered with a hydrate layer require
longer dissolution distances than the same-size CO, drops
without a hydrate layer. If the hydrate layer is thick enough,
then it may turn the positive buoyancy of the CO, drops into
negative because the CO, hydrate is denser than seawater.

The initial drop sizes, their distribution in the release, and
their traveling distances in seawater are key parameters to
analysis of the environmental impact induced by the disposal.
Because the traveling distances of the CO, drops with or
without a hydrate layer released in the ocean are affected
significantly by their initial sizes, a relatively uniform drop
distribution would permit easy evaluation of the environmental
impact and prediction of the fate of the CO, released into the
ocean (Sato and Hama, 2001). The initial drop sizes and their
distribution in the release may be controlled relatively easily at
a low discharge velocity. In such cases, however, an intermit-
tent blockage of the orifices by hydrate might be encountered
because of the buildup of CO, concentration in the vicinity of
the injection orifices after a certain operation time. Intermittent
hydrate blockage of natural CO, effluents from the seafloor has
been observed in the hydrothermal field in the Okinawa trough
(Sakai et al., 1990). Although increase in the discharge velocity
would make the CO,-efflux breakup time become shorter than
that for hydrate formation and, therefore, the possible hydrate

872 April 2004 Vol. 50, No. 4

Point source of CO,

Capturefliquefaction of COy

Sea Surface

Seawater

500~1000 m

Figure 1. CO,, ocean disposal scenario by a submerged
static mixer.

blockage could be prevented (Teng et al., 1997), a high dis-
charge velocity may lead to a poor control of drop sizes
because it results in multiple various-size drops with a highly
nonuniform drop distribution in the release. Also, drop inter-
actions are more frequent in a nonuniform drop distribution and
the interacting drops may coalesce into large drops, resulting in
variations in drop sizes after the release. Because dissolution
distances of the released CO, drops vary with their initial sizes,
it would be more difficult to predict the averaged dissolution
distance for a release of various size drops with a highly
nonuniform distribution than for a release of fairly uniform
drop sizes and distribution.

To date, no study has been reported on preventing the
possible intermittent hydrate blockage of discharge orifices
and, at the same time, obtaining a manageable drop-size re-
lease. In this article, a solution to the aforementioned contra-
diction is proposed: disposal of liquid CO, by a submerged
Kenics-type static mixer, which not only can prevent hydrate
from blocking the discharge outlet but also can reasonably
manage sizes of the CO, drops and their distribution in the
release. Laboratory simulation of this new method will be
reported in the following sections.

Release of Liquid CO, in the Ocean by a Kenics-
Type Static Mixer: Concept

In the previously proposed scenario for ocean disposal of
liquid CO, at intermediate depths, liquid CO, is discharged
directly into the ocean through a submerged pipeline (Handa
and Ohsumi, 1995). As was mentioned earlier, the direct dis-
posal method may not simultaneously obtain a good control of
drop sizes and prevent the orifice blockage by hydrate. To
resolve this contradiction, a new method for releasing liquid
CO, into the ocean is proposed here. The concept of this new
method is described in Figure 1. In this concept, the captured
and liquefied CO, is first transported into a release controller,
a Kenics-type static mixer submerged in the ocean at a depth
between 500 and 1000 m, where the liquid CO, is mixed with
the low-temperature seawater. The well-mixed two-phase mix-
ture, in which the liquid CO, is the dispersed phase and
seawater is the continuous phase, is then released from the
mixer into the ocean. The apparent CO, concentration of the
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Figure 2. Structure of a Kenics-type static mixer.

release can be regulated by the mixing rate or the flow rate ratio
of liquid CO, to seawater.

Figure 2 shows the structure of a Kenics-type static mixer
used in the laboratory simulation for verifying the proposed
concept. The cross-sectional area of the mixer is divided into
two approximately semicircular passages by means of a num-
ber of helical thin partitions, the mixing elements or Kenics
inserts. Each of the mixing elements is twisted through 180°
and may be right- or lefthand rotation. Elements of alternate
rotation are joined sequentially so that perpendicularity is
maintained between the rearward and forward edges of adja-
cent elements. The liquid CO, and seawater flowing through
the mixer are divided, rotated, and mixed by each of the mixing
elements. If the mixing rate is properly controlled, then, after
the mixture passes a certain number of the mixing elements, a
disperse CO,-drop flow can be obtained.

Releasing liquid CO, in the ocean by a static mixer has
several features that may not be possible to the direct disposal
method. First, the release is a CO,—seawater mixture whose
apparent CO, concentration can be regulated by the mixing
rate; thus, the CO, concentration of the release can be adjusted
according to the CO, concentration in the ambient seawater.
Second, the static mixer serves as a drop producer. For a given
mixer, the mean diameter of the CO, drops is governed pri-
marily by the Weber number (which is a dimensionless param-
eter characterizing the stability of the dispersed phase); there-
fore, the mean drop diameter can be reasonably predicted for a
given mixing rate and the corresponding Weber number (Berk-
man and Calabrese, 1988). This allows a good control of the
postrelease mass-transfer process—drop dissolution in seawa-
ter. Third, because the pressure and temperature of the mixture
satisfy those for hydrate formation, the mixer can also function
as a hydrate crystallizer if the disposal in the hydrate form is
preferred; in this case, sizes of the CO, drops must be small
enough (close to the emulsion state) and their residence time in
the mixer must be long enough to meet the requirement by the
process of hydrate crystallization. This condition can be satis-
fied by simply adding more agitation elements, which is a
common practice to make the dispersed phase emulsified in a
Kenics-type static mixer. In the current study, the focus will be
on the use of the first two features and consideration of the third
feature is deferred.

Laboratory Simulation of the New Release
Method: Experiment System

Figure 3 shows the experimental system for simulation of the
proposed method. In the experiment, liquid CO, and water
(respectively, from a CO, cylinder and a water tank) were
pressurized then introduced into a Kenics-type static mixer.
The purity of the liquid CO, was >99.9% (supplied by Showa
Tansan Co., Ltd.) and the water was deionized and precooled to
a desired temperature. The flow rate of the high-pressure CO,
pump (product of Nippon Seimitsu Co., Ltd., NP-AX-70) could
be adjusted in a range from 11.2 to 46.6 mL/min and the flow
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rate of the high-pressure water pump (product of Fuji Pump
Co., Ltd., 2JN224-10V) could vary from 472 to 2063 mL/min.
The static mixer was designed and made especially for the
experiment (by Noritake Co., Ltd, based on their product of
type 3/8-N10-522N). To simulate the pressure and temperature
of seawater at intermediate depths, the mixer was designed to
stand pressures up to 100 bar and with a cooling jacket (that is,
it was of the mixer/heat exchanger type). The mixer was 210
mm long and 10.9 mm in inner diameter, and it had a total of
12 mixing elements with a length-to-diameter ratio of 1.5; the
mixer was made of SUS316. A transparent polycarbonate sec-
tion (10.6 mm in inner diameter and 300 mm in length) was in
the downstream of the mixer for observing the release from the
mixer. The temperature of the CO,—water mixture was con-
trolled by the cooling jacket, through which the coolant (a
mixture of water and ethylene glycol) from a thermal bath was
circulated. The temperature of the system could be controlled
with an accuracy of *0.1 K. The pressure of the system was
controlled by a pressure-regulating valve at the outlet of the
flow system; at any set value, fluctuations in the system pres-
sure were < *+0.1 bar.

The typical experimental pressure and temperature were,
respectively, 7.0 MPa and 277 K, corresponding to those for
seawater at a depth of 700 m below the ocean surface. The
typical flows for liquid CO, and water were 23.2 and 472
mL/min, respectively, equivalent to an apparent CO, concen-
tration of 4.38 wt % or a mixing rate of 21.84 kg water/kg CO,.
In the experiment, sizes of the CO, drops and their distribution
in the release from the mixer could be observed in the obser-
vation section, and it was recorded by a 500-fps Photron video
camera. The captured video data then were analyzed in a Power
Macintosh G4 computer using the ImageJ-1.27 program devel-
oped by the U.S. National Institutes of Health.

Results and Discussion
Drop formation and size distribution in the static mixer

Because the CO,—water system is inherently unstable, the
liquid CO, introduced into water flowing in the static mixer
disintegrated into CO, drops. This disintegration process took
place in stages from liquid chunks/slugs from the initial
breakup to disperse drops at the final stage. In the experiment,
a disperse-drop flow could always be obtained by adjusting the

Pressure
control
valve

Pre-mixing and
Observation part

COz2 vent

COz pump

Static Mixer Observation part

CO2z cylinder

Water pump
Gas/water separator

Cool water reservior

Figure 3. Experimental apparatus for simulation of the
mixing behavior of liquid CO, and water flows
in the static mixer.
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(a) (b}

Figure 4. Typical disperse-drop flows observed after the
static mixer.

Conditions: pressure = 7.0 MPa; temperature = 278 K; CO,
flow rate = 46.6 mL/min; water flow rate = 1,573 mL/min (a)
and 2,063 mL/min (b).

mixing rate or the ratio of the CO, to water flow. In a disperse-
drop flow, liquid CO, became fully dispersed in water and,
therefore, behavior of the CO, drops (the dispersed phase) was
governed by the water (the continuous phase) flow. Figure 4
shows two typical cases of the disperse-drop flow in the static
mixer.

Similarly to the situation in a direct-injection method, drops
of various sizes were formed from breakup of the CO, flux in
the mixer. However, many of these originally formed drops in
the mixer were not stable and the dispersed drops in the release
were those stabilized in the given flow condition. The stabiliz-
ing process of the CO, drops may be analyzed as follows. The
stability of the CO, drops in the mixer is governed by their
surface energy, which tends to stabilize the drops, and the
disruptive energy associated with turbulent fluctuations in wa-
ter, which tends to destabilize the drops. Because the drop
breakup is attributed to the deformation induced by unstable
surface waves formed on the drops, the disruptive energy is the
energy that sustains the growth in amplitudes of the surface
waves, which is provided by eddies whose linear scales are
smaller than the drop diameters. For eddies whose linear scales
are greater than the drop diameters and, therefore, greater than
the maximum lengths of the surface waves on the drops, they
transport the drops but barely induce the instability. When the
drops become so small that their surface energy can subdue the
growth of the surface waves, the drops are stabilized. The sizes
of stable disperse drops vary with the intensity of turbulence in
water and, therefore, vary with the water flow.

The average size of the disperse drops in the release is the
basis for modeling the drop dissolution in seawater. The aver-
age size of the disperse drops may be described by the Sauter
mean diameter (SMD), which is defined as

SMD = >, N,.D?/E N.D? (D

where N; is the number of drops for the ith group having a
diameter D,. For the two disperse-drop flows given in Figure 4,
the Sauter mean diameter, and ratios of the maximum drop size
D, .. and minimum drop size D,;, to the Sauter mean diameter
are, respectively, SMD = 0.52 mm, D,,,./SMD = 1.55, and
D,.io/SMD = 0.40 for case (a); and SMD = 0.38 mm, D,/
SMD = 1.61, and D,;,/SMD = 0.53 for case (b). Apparently,
the drop sizes decrease and the drop uniformity increases with
increase in the water flow.

The drop size distribution in the release provides the infor-
mation on how well the drop dissolution is characterized by the
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mean drop diameter. The drop size distribution for the dis-
perse-drop flow is found to obey a normal distribution with
respect to the Sauter mean diameter; that is, the probability
density for the drop size distribution can be characterized by

d(NIN) 1 (D — SMD)*
i~ s, e"p[_ 25 ] @

where N is the number of drops with a diameter D, N, is the
total number of drops, and S}, is the standard deviation. The
distribution function or the cumulative frequency then can be
given in a form of the standard normal distribution as

v
NIN, = f B N exp(—*/2)dv 3)

where the integration is with respect to the dimensionless,
relative drop size v = (D — SMD)/S,. The corresponding
probability density for the drop size distribution given by Eq. 3
is

D — SMD)\?
)] 4

\2Sp

1
P(D) = -
(D) \Twexr)[ (

Figures 5-7 show the statistical analysis results for the
disperse-drop flows given in Figure 4: the sample for case (a)
contained a total of 112 drops and the sample for case (b), 196
drops. It is seen in Figures 5-7 that the drop size distributions
and mean drop diameters for the two disperse-drop flows are
well characterized by the normal distribution and the Sauter
mean diameter.
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Figure 5. Size distributions of the liquid CO, drops in the
disperse-drop flows for the conditions same
as in Figure 4: l, case (a); @, case (b).
Conditions: pressure = 7.0 MPa; temperature = 278 K; CO,

flow rate = 46.6 mL/min; water flow rate = 1,573 mL/min (a)
and 2,063 mL/min (b).
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Figure 6. Cumulative frequency of the CO,, drop diame-
ter observed for case (a) in Figure 4.

Conditions: pressure = 7.0 MPa; temperature = 278 K; CO,
flow rate = 46.6 mL/min; water flow rate = 1,573 mL/min.

Influence of continuous-phase flow on drop sizes

As is indicated by Eq. 1, SMD is a volume-to-surface mean
diameter. Because the disruptive energy that a drop is subject
to is proportional to the drop volume and the drop surface
energy is proportional to the surface area of the drop, SMD may
be expressed as a function of the ratio of the disruptive to the
surface energy as

SMD/D, = f(E/E,) )

where D, is the inner diameter of the mixer, E,;, = (7/6)D’pe,
is the magnitude of the disruptive energy, D is the drop diam-
eter, p is the density of water, and e, is the disruptive energy for
unit-mass of water or specific disruptive energy; E, = wD*c is
the drop surface energy and o is the interfacial tension. Be-
cause the disruptive energy is dissipative, the magnitude for e,
may be assumed to be the same as that for the kinetic energy
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Figure 7. Cumulative frequency of the CO,, drop diame-
ter observed for case (b) in Figure 4.

Conditions: pressure = 7.0 MPa; temperature = 278 K; CO,
flow rate = 46.6 mL/min; water flow rate = 2,063 mL/min.
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Figure 8. Dependency of the nondimensionalized Sauter
mean diameter (SMD) on the Weber number
(We) for the liquid CO,, drops in disperse-drop
flow observed after the static mixer.

of dissipative eddies in turbulence; that is, e, ~ (8)\)2/3, where
e is the rate of energy dissipation in water and A is the
Kolmogorov microscale, which characterizes the dissipative
eddies in turbulence (Landau and Lifshitz, 1993). The order of
magnitude for the rate of energy dissipation in turbulent flow is
& ~ (Au)*/l, where Au is the velocity fluctuation with respect
to the mean velocity u, and [ is the Kolmogorov macroscale,
which is the minimum dimension of the turbulent flow field
(Landau and Lifshitz, 1993; Tennekes and Lumley, 1972). For
the turbulent flow in the static mixer, the magnitudes for A and
I may be taken, respectively, as the drop diameter and the inner
diameter of the mixer. An analysis of scale relations in turbu-
lence suggests that Au/u ~ MI; thus, e ~ ()\/1)41,{3 = (D/
Do)*u’. Therefore, E/E, ~ (D/Do)"'u?pDy/o) = (DIDy)''",
where We = u?pD,/o is the Weber number. The scale ratio
DI/D, = M1 is inversely proportional to the Reynolds number
(Tennekes and Lumley, 1972). Because the sizes of the stable
drops are associated with the Weber number, the Weber num-
ber may better characterize the scale ratio for a disperse-drop
flow. Thus, it is reasonable to assume that (D/Dg)''"* ~ We ™™,
where the power m depends on the intensity of turbulence.
Then the disruptive-to-surface energy ratio may be given as

EJE,= a We" (6)

where « is a constant and the power n (=1 — m) needs to be
determined experimentally. Because Eq. 6 is a result of an
order-of-magnitude analysis, Eq. 5 may be expressed in a
simple form as

SMD/D, = C We" @)

where C is a constant. Note that Eq. 7 holds only for a fully
developed turbulent flow. Figure 8 shows the dependency of
the nondimensionalized Sauter mean diameter on the Weber
number for eight sets of experimental data for disperse CO,-
drop flows in the static mixer. Under the experimental condi-
tions, the SMD/D,, = f(We) relationship is found to be
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(a) 289 K (b) 277 K

Figure 9. Slug and sluglike flows of liquid CO, drops
observed under a laminar flow condition of
water (Re = 964).
(a) Slug flow out of the hydrate formation condition (pres-
sure = 7.0 MPa, temperature = 289 K); (b) sluglike flow

under the hydrate formation condition (pressure = 7.0 MPa,
temperature = 277 K).

SMD/D, = 0.29 We™ %48 ®)

that is, C = 0.29 and n = —0.48. It is seen in Figure 8§ that the
relationship between SMD/D,, and We is well characterized by
Eq. 8. Equation 8 indicates that, for the disperse CO,-drop flow
in the static mixer, the average drop size can be reasonably
predicted on the basis of given pressure and temperature of the
mixture and given conditions for the mixer and the flow.
Therefore, the sizes of CO, drops released from the static mixer
could be manageable.

Influence of dispersed-phase flow on drop sizes

Equation 8 holds only for a fully developed turbulent flow,
under which the liquid CO, becomes fully dispersed and the
disperse CO, drops have passive behavior because their motion
is governed by the water flow. In this case, although coales-
cence of drops also takes place, drop breakup prevails in the
disperse-drop flow; and, because the stable drops are small,
their buoyancy becomes negligible compared to the hydrody-
namic force to which they are subjected. However, if the
corresponding water flow is laminar, then coalescence of the
CO, drops before hydrate covers their surfaces and/or agglom-
eration of the CO, drops with a hydrate layer may become a
competing process to that of the drop breakup. Thus, relatively
large, irregular drops could be formed. For these large nonuni-
form drops, the order of magnitude of the buoyant force may
reach that of the hydrodynamic force. When no longer subject
to the agitation from the mixing elements, these drops may
immediately form clusters as a combined result of drop buoy-
ancy and coalescence/agglomeration. Then the corresponding
two-phase flow pattern becomes a sluglike flow. If the temper-
ature of the mixture is out of the hydrate formation region, then
the two-phase flow becomes a regular slug flow, as shown in
Figure 9.

Under a given laminar flow for water, increasing the CO,
flow reduces the degree of coalescence/agglomeration. This is
because the drop momentum in the flow direction increases and
the drop residence time in the mixer decreases with increase in
the CO, flow, both of which reduce the tendency for coales-
cence/agglomeration. In comparison, in a turbulent water flow,
increasing the CO, flow increases the drop number density but
it may not turn the passive behavior of the CO, drops into
active; therefore, it insignificantly influences the sizes of the
drops and their distribution. Figure 10 compares the effects of
the CO, flow on the two-phase flow pattern under a laminar
water flow with the Reynolds number Re = 964 and a turbulent
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(a) Re = 964
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(c) Re = 964 {d) Re = 4064
CO; flow rate = 23.1 mL/min
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(f) Re = 4084
CO; flow rate = 46.6 mL/min

a} Re = 554

Figure 10. Two-phase flow patterns for various CO,, flow
conditions under a laminar flow condition
(Re = 964, lower left) and a turbulent flow
condition (Re = 4064, lower right) of water.
Pressure = 7.0 MPa, and temperature = 277 K.

water flow with Re = 4064. Figure 11 compares the mean drop
diameter for the same water-flow conditions.

It is seen in Figures 10 and 11 that the CO, flow affects the
drop sizes and their distribution only at low water flows, under
which the disperse CO,-drop flow cannot be obtained and the
discharge from the static mixer may be CO,-drop clusters.
Although the phenomena occurred in the downstream obser-
vation section, they may or may not be the same as in a direct
release from the mixer; this possible release pattern should be
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Figure 11. Effect of the CO, flow rate on the mean drop
diameter under laminar water flow (Re = 964)
and turbulent water flow (Re = 4064) condi-
tions.

Pressure = 7.0 MPa, and temperature = 277 K.
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avoided because of the following reasons: (1) the clusters may
not be stable under the ocean turbulence and thus it is difficult
to predict their dissolution; (2) the CO, concentration from
such a release is much higher than that of the disperse CO,-
drop flow; and (3) if the mixing elements could not break these
clusters in case they formed in the mixer, then the clusters may
cause a blockage in the mixer. Thus, a turbulent flow in the
static mixer is suggested.

Effect of hydrate formation on behavior of CO, drops in
the static mixer

For all the cases in this study, no hydrate plugging occurred,
although the rapid formation of hydrate layer at the interface of
liquid CO, and water phase was observed under the thermo-
dynamic conditions of hydrate formation (p > 44.5 bar, T <
283 K). An apparent difference between drops with and with-
out a hydrate layer could be noticed in a not fully dispersed
flow when the drops interacted with each other: those with
hydrate tended to maintain their interfaces and form a cluster of
drops and those without hydrate tended to coalesce into a larger
drop or a liquid plug. In the disperse-drop flow cases, the drops
with a hydrate layer were smaller in size and distributed more
evenly than those without a hydrate layer under the same
mixing and flow conditions.

Energy consumption associated with the mixture flow
through the static mixer

Energy consumed in the static mixer for mixing is primarily
provided by the kinetic energy of the CO, efflux and water.
Energy consumption associated with the mixer may be ana-
lyzed in the following. The driving force for the CO,—water (or
seawater) mixture to flow through the static mixer is equal to
the drop in pressure across the mixer, which may be deter-
mined from a force balance over the mixer as

a
1 DiAp = (mDoL + 2D oLy Ty €))

where Ap is pressure drop over the mixer, and D, and L are,
respectively, the inner diameter and length of the mixer; L, is
the length of the mixing element, n, = L/L, is the number of
mixing elements (assuming a full arrangement of the mixing
elements in the static mixer), and 7y, is the shear stress on the
wall. Rearranging Eq. 9 leads to

L
Ap=4—(1+2/m1y (10)
D,

The shear stress 7y, may be expressed in the kinetic energy of
the mixture flow as

w = flpu’l2) (11

where fis the Fanning coefficient, and p and u are the density
and average velocity for the mixture, respectively. Combining
Egs. 10 and 11 yields
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L pu
A[):4f(1 +2/W)Hp7 (12)
0

Because of the alternate rotation of the mixing elements, an
extra local pressure drop is generated by each of the mixing
elements, which may be described in the local pressure loss as

Apy = Kpuz_KLpu2 13
PE = Ng 7, = L, 2 (13)

where K is the local pressure loss factor. Combining Eq. 13 into
Eq. 12 yields

L pu®
Ap = 42fSMHOT (14)

with

K D,
fw=(+2mf+ = +2mf+KI6 (15
0

where f,, is the effective Fanning coefficient for the static
mixer and Ly/D, = 1.5 has been applied. Because both values
for f and K vary with the Reynolds number, fg,, also is a
function of the Reynolds number. Because for a disperse-drop
flow the volume fraction of liquid CO, is too small to affect the
total flow, the resistance and the energy dissipation in the
mixture are characterized largely by the continuous phase
(Berkman and Calabrese, 1988; Middleman, 1974). Therefore,
Ap may be determined on the basis of water properties, imply-
ing that p, u, and the Reynolds number may be approximated
by water properties. For the static mixer used in the experi-
ment, the effective Fanning coefficient for the static mixer can
be given as (Noritake Ltd. Co., 2000)

fou = f(Kor + KpRe®!)  for 10 <Re =2 X 10°  (16a)

fsu = fKoRe™! for 2 X 10° < Re < 10°

(16b)
where Re is the Reynolds number; K, Ky, and K, are local
pressure-loss factors, whose values could vary with changes in
dimensions of the mixing elements.

The rate of energy dissipation in the unit mass of the mixture
may be approximated as

e = (Ap/p)/tg = (Apu)/(pL) 17

where 1 =~ L/u is the residence time for the mixture in the
mixer. Substituting Eq. 14 into Eq. 17 yields

e = 2fuu’/ Dy (18)

As a case study, consider case (b) of Figure 4, which is a
typical disperse-drop flow in the experiment. For this case, p =
7.0 MPa and T = 278 K; water flow = 2,063 mL/min and
liquid CO, flow = 46.6 mL/min; the mass fraction of CO, in
the mixture is 0.02. Under the given conditions, corresponding
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pressure drop and energy-dissipation rate are, respectively,
Ap = 6.9 kPa and ¢ = 4.6 W/kg mixture. The energy-dissi-
pation rate may be expressed alternatively in unit mass of CO,
as 0.76 kW/kg CO,. The residence time for the CO, in the
static mixer is estimated to be 0.45 s; on the basis of the
residence time and the energy-dissipation rate, an equivalent
energy consumption is obtained as 0.34 kJ/kg CO, or 0.34
MJ/ton CO,. This energy consumption is negligible compared
to that for transportation of liquid CO, from the ocean surface
to the disposal site.

Conclusions

A new method for releasing liquid CO, into the ocean at
intermediate depths by a submerged Kenics-type static mixer
was proposed and was validated at a laboratory-scale simula-
tion. Features of this new method are summarized in the
following:

® Because the release is a CO,—seawater mixture where CO,
drops become fully dispersed, the apparent CO, concentration
of the release can be determined by the mixing rate, which can
be justified according to the ambient condition.

® The dispersed CO, drops in the release are fairly uniform
in size, which eases the prediction of the dissolution of the CO,
drops released into the ocean.

¢ The Sauter mean diameter well represents the average size
of the dispersed drops and the drop size distribution in the
release obeys the normal distribution with respect to the Sauter
mean diameter.

® The average size of the dispersed drops in the release
correlates well with the Weber number on the basis of the
continuous phase. This suggests that the average drop size in
the release can be controlled by adjusting the rate of the
seawater flowing through the mixer.

However, it needs to be pointed out that the field-scale
phenomena may not be revealed fully in a laboratory-scale
simulation because of the limited experimental conditions;
thus, further studies should be conducted before this concept is
applied in a field application.
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