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Rapid CO, hydrate formation was investigated with the
objective of producing a negatively buoyant CO,—seawater
mixture under high-pressure and low-temperature
conditions, simulating direct CO, injection at intermediate
ocean depths of 1.0—1.3 km. A coflow reactor was
developed to maximize CO, hydrate production by injecting
water droplets (e.g., ~267 um average diameter) from a
capillary tube into liquid CO,. The droplets were injected in
the mixing zone of the reactor where CO, hydrate formed
at the surface of the water droplets. The water-
encased hydrate particles aggregated in the liquid CO,,
producing a paste-like composite containing CO, hydrate,
liquid CO,, and water phases. This composite was
extruded into ambient water from the coflow reactor as a
coherent cylindrical mass, approximately 6 mm in diameter,
which broke into pieces 5—10 cm long. Both modeling and
experiments demonstrated that conversion from liquid

CO; to CO; hydrate increased with water flow rate, ambient
pressure, and residence time and decreased with CO,
flow rate. Increased mixing intensity, as expressed by the
Reynolds number, enhanced the mass transfer and
increased the conversion of liquid CO, into CO, hydrate.
Using a plume model, we show that hydrate composite
particles (for a CO, loading of 1000 kg/s and 0.25 hydrate
conversion) will dissolve and sink through a total depth of 350
m. This suggests significantly better CO, dispersal and
potentially reduced environmental impacts than would be
possible by simply discharging positively buoyant liquid
CO, droplets. Further studies are needed to address hydrate
conversion efficiency, scale-up criteria, sequestration
longevity, and impact on the ocean biota before in-situ
production of sinking CO, hydrate composite can be applied
to oceanic CO, storage and sequestration.

Introduction

Global emissions of CO; to the atmosphere have been
predicted to increase from 7.4 billion t of carbon (Gt of C)/yr
in 1997 to approximately 26 Gt of C/yr by 2100 (1). Marine
carbon sequestration, which has been suggested as one
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method to counteract anthropogenic increases in atmo-
spheric CO,, takes advantage of the large CO, storage capacity
(20 million Gt of C) offered by the world’s oceans, in
comparison with potential terrestrial (~100 Gt of C) and
geologic (300—3200 Gt of C) reservoirs (2—4). Proposed
methods for direct injection of CO, to the ocean include
rising CO; droplets released either from a bottom-mounted
pipeline (5) or a moving ship (6), dense gravity currents
formed from CO;-enriched seawater (7), sinking large dry
ice cubes (8), and deep CO; lakes (9).

Among these proposed options, formation of a rising
droplet plume has been intensely studied because of its most
advanced development and the relatively low cost (10—12).
Recently, a class of options has been proposed that involves
the release of CO,-containing particles that are denser than
seawater. These include the release of solid hydrate particles
(2, 3, 13, 14), ice and hydrate-covered liquid CO; (15), and
slurries of COz-enriched seawater containing solid CaCO;
(16). The advantage of sinking CO; particles is that the CO,
can reach deeper depths with high dispersion, thus increasing
sequestration efficiency and minimizing environmental
impacts (1, 17).

Pure CO, hydrate is denser than seawater and can be
produced at high pressures (>4.5 MPa, equivalent to depths
>0.45 km) and low temperatures (<10 °C), according to
thermodynamic principles (3, 4, 13). Although CO; hydrate
is expected to be unstable in seawater (18), the release of
CO.inthe ocean as sinking CO, hydrate particles, as opposed
to rising liquid CO; droplets, could increase the residence
time and prolong the storage of injected CO,. Additionally,
dissolution of CO; hydrate is slower than that of liquid CO;
drops (19), which will facilitate greater dispersal of CO; in
seawater and minimize the environmental impact. Producing
droplets composed of mostly CO, hydrate by directly injecting
liquid CO; into seawater will be very difficult to achieve (20).
Laboratory experiments have demonstrated the production
of CO, hydrate particles in a batch reactor at pressures
corresponding to ocean depths of 450—500 m (21). The rapid
formation of CO; hydrate requires vigorous agitation in the
crystallization process, demanding an energy input that can
be as high as 7% of a 100-MW power plant (21).

This paper investigates the formation of a sinking CO,
hydrate mixture as an alternative to pure CO; hydrate. This
mixture takes the form of a paste-like composite, which
contains liquid CO,, CO; hydrate, and water (referred to in
this paper as “hydrate composite” or simply “composite”).
Results of experiments using a coflow reactor are reported
in which water was injected into liquid CO,, forming a CO,
hydrate composite before injection into the surrounding
water. The effects of pressure and flow rates of water and
liquid CO; on the density of the hydrate composite were
investigated. It was hypothesized that increasing mass
transfer at the water—liquid CO; interface in the reaction
zone is the key to promoting hydrate production. A reactor
model was formulated to explain the observed relationship
between hydrate composite density and flow rates of CO,
and water in the coflow reactor. Incorporating the laboratory
physical and chemical data into a plume model, we simulated
the sinking behavior of the CO, hydrate composite in the
ocean. The results of this simulation are compared with
simulation of pure hydrate and pure liquid CO, plumes.

Experimental Arrangement and Methods

A schematic diagram of the experimental system is shown
in Figure 1. The test section of the system was placed in a
large pressurized vessel, the Seafloor Process Simulator (SPS),
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FIGURE 1. Experimental arrangement for producing CO, hydrate
composite (not to scale).

which has been described in detail elsewhere (22, 23). Briefly,
the vessel is made of Hastelloy C-22 to resist seawater
corrosion and has an internal diameter and length of 31.75
and 91.44 cm, respectively, providing a reaction volume of
72 L. Itis equipped with sapphire windows, sampling ports,
and measuring devices such as thermocouples (Hastelloy-
sheathed type K thermocouples, with an accuracy of +0.2
°C; ARI Industries, Inc., Addison, IL), pressure transducers,
and pH probes. The SPSis capable of maintaining a pressure
up to 20 MPa, and the pressure is controlled by compressed
gas using a gas booster connected to the top of the vessel.
Thermocouples were placed in both the gas and the liquid
phases. Temperature and pressure data were collected
periodically in 10—30-s time intervals using a data acquisition
system consisting of National Instruments FieldPoint mod-
ules connected to a computer. Fluid delivery and recovery
systems as well as backpressure regulators (Tescom, model
26-1724-24) attached to the top of the vessel allowed fluid
flow while maintaining constant pressurization.

The test section was a coflow injector consisting of an
outer tube (9.5mmo.d. and 6.4 mmi.d.) and an inner capillary
tube (1.6 mm o.d. and 125 um i.d.) (Figure 2). The internal
diameter of the capillary is important for producing the
sinking CO;, hydrate composite (see Modeling section). The
stainless steel capillary tube terminates approximately 125
mm from the end of the outer tube, which consists primarily
of stainless steel with a 140-mm section of Teflon at the end
to prevent wetting of the wall by water in the mixing zone
and to keep the water dispersed (Figure 2). Liquid CO, and
water were pumped through the outer and inner capillary
tubes, respectively, with two syringe pumps (ISCO model
100DM) at constant flow rates. The coflow injector can be
placed horizontally (through the side port) or vertically
(through the top port) in the SPS. The vertical orientation is
shown in Figure 1. All equipment was kept in a temperature-
controlled cold room.

In a typical experiment, the SPS was filled with ap-
proximately 60 L of doubly deionized distilled water at
ambient conditions (1 atm, 25 °C). It then was transferred
to the ~4 °C cold room and pressurized with nitrogen gas
up to the experimental pressure (10.3—13 MPa). The system
pressure was held constant until the internal vessel tem-
perature reached 4 °C + 0.8. Water (100 mL) and liquid CO,
(60 mL) loaded in the syringe pumps were also placed in the
cold room to allow them to reach the experimental tem-
perature. After the entire system was stabilized with respect
to temperature, the injection experiment began with the
pumping of liquid CO, into the reactor at a constant
volumetric flow rate. This injection continued until large CO,
droplets were observed exiting the end of the Teflon section
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FIGURE 2. Coflow reactor used to form hydrate composite.

of the reactor (Figure 2). Water was then injected at the desired
flow rate into the liquid CO, through the capillary while CO,
injection continued. During injection, the pressure in the
SPS was held constant. Only small changes occurred in the
monitored temperature because of the large thermal mass
of the SPS that was kept at temperatures of 4—5 °C in the
cold room. The formation of hydrate composite was con-
trolled by varying the pressure and flow rates of water and
liquid CO,. The resultant hydrate composite at the end of
the coflow injector was visually observed through an optical
sapphire window and recorded by a Sony CCD-TR716 video
camera for analysis. A borescope system was also used for
visual measurements of the composite. This system consists
of an 8 mm in diameter by 56 cm in length borescope with
internal fiber-optic lighting system and a high-resolution
Watec model 12370 (480-line resolution) color digital camera
with a maximum shutter speed of 1/10 000 s. Other digital
cameras, such as the Nikon COOLPIX 990, were also used.
During injection, images were recorded at a rate of 60/s for
further analysis.

Results and Discussion

All experiments were conducted using the same configuration
of the coflow reactor. The residence time in the reactor was
between 8 and 14 s, depending on the total water and CO,
injection rates. However, different results were observed
depending on whether the water was injected from the
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FIGURE 3. Sequential photographs of positively buoyant hydrate
composite. P=10.5 MPa; T= 4.6 °C; flow rates: H,0 =21 mLmin?,
CO, =5 mL min™.,

capillary into liquid CO; or vice versa. Earlier experiments
showed that injection of liquid CO; alone produced rising
droplets of liquid CO; that eventually became covered by a
thin shell of CO, hydrate (23). However, injection of liquid
CO; through the capillary into a continuous water phase
produced clogging problems, as observed by others (24).
When water was injected into liquid CO,, a paste-like hydrate
composite was produced at a temperature of ~4 °C and
pressures of 10.3—13 MPa. Figures 3 and 4 show the paste-
like hydrate composites that were discharged as a coherent
cylindrical mass ~6 mm in diameter and ~5—10 cm long.
Closer observation with a borescope showed hydrate-covered
water droplets of uniform size “fused” together (Figure 5).
Because water and liquid CO, are immiscible, injection of
water into liquid CO; is hydrodynamically unstable: the water
jet breaks up into droplets because of interfacial tension or
hydrodynamic forces (25). Droplet generation is followed by
rapid hydrate formation (4, 26) on the surface of water
droplets because of subcooling conditions (about 6—7 °C
subcooled below the temperature of CO,—water—hydrate
three-phase equilibrium). The hydrate layer prevented the
water droplets from coalescing. Unlike the results of a
previous study, in which the injection of liquid CO, into water
(with jet velocities >15 cm s and an orifice diameter <3
mm) produced “snow-like” structures in the droplet cloud
(27), coherent hydrate composite masses were produced in
this study. Because of the high volume fraction of the droplet
phase in the restricted mixing zone, the droplets are very
close to one another in the reactor resulting in aggregation
of the hydrate-encased water droplets due to hydrogen
bonding (21).

Sinking Characteristics of the Composite. The density
of the hydrate composite could not be determined directly
in the experimental system used in this work. Instead, the
relative density of the composite with respect to the sur-
rounding water was determined by visually observing whether
the composite sank or floated. For the coherent mass formed
in the coflow reactor (Figures 3 and 4), the buoyancy of the
composite depends on the relative densities of the uncon-
verted liquid CO,, the water and the hydrate (13). Thus, the

Water

COy/water/hydrate

compaosite 1:42:38Fu

- 1:42740FM

FIGURE 4. Sequential photographs of negatively buoyant hydrate
composite. P=13.2 MPa; T=4.1°C; flow rates: H,0=23mLmin?,
CO, = 6 mL min™.,

conversion of liquid CO; to hydrate determines whether the
composite will sink or float. The density of the hydrate
composite, pcom, IS given by

Pecom =
44n.+ 18n,,
44nc(1/pc - Xh(]‘/pc - l/ph)) - 18(nxhnc(1/pw - 1/ph) - nw/pw)
@

where p¢, pw, and pp are the densities of the liquid CO,, water,
and CO; hydrate, respectively; n. and n,, are the initial
numbers of moles of liquid CO, and water present, respec-
tively; nis the hydration number; and x; is the mole fraction
of liquid CO; converted to hydrate. As used in this calculation,
the molecular weights of CO, and water are 44 and 18,
respectively. At a given mole fraction conversion (xp), the
density of the hydrate composite increases with p. (eq 1),
which increases with pressure because liquid CO; is com-
pressible. Solving the equation for pcom/pw = 1 yields a
minimum mole fraction conversion (Xn_min):

1/p. — 1/p,

Xnmin = (1700 — 1/pp) + 18n(1/p,, — 1/py)/44 @)

When this threshold is exceeded, the hydrate composite will
have a density greater than that of the ambient water. At a
given T and P, this minimum conversion depends only on
the hydration number and relative densities of liquid CO,,
hydrate, and water. Note, however, that X,_min decreases with
pressure largely because the density of liquid CO; increases
considerably with pressure while the densities of water and
hydrate are basically unchanged (23, 28, 29). For example, at
13 MPa (equivalent to 1.3 km depth) and 4 °C, eq 2 yields
Xn_min & 0.145. To produce a sinking hydrate composite, one
must convert enough liquid CO; to hydrate to exceed the
mole fraction of 0.145. Experimentally, the hydrate mole
fraction in the product was inferred to be greater or less than
the threshold based on observations of whether the com-
posite sank or floated. This inferred hydrate conversion was
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FIGURE 5. Surface of the hydrate composite as observed through
a borescope, showing the small hydrate particles fused together.

observed to vary with mixing intensity, which depends highly
on the rate of water injection.

Several sets of injection experiments were conducted at
10.3, 11.7, and 13.1 MPa, all at ~4 °C. Depending on the
pressure, temperature, and flow rate conditions, the hydrate
composite may be positively buoyant (Figure 3) or negatively
buoyant (Figure 4). The main differences in the experimental
conditions used in Figures 3 and 4 are the flow rates of water
and CO; and pressure. The density of the composite was
observed to increase with increasing pressure. Table 1 shows
the maximum measured CO, flow rate that produced a
negatively buoyant hydrate composite. When the maximum
CO; flow rate is exceeded (e.g., 5 mL min—as compared with
the maximum value of 3.5 mL min~! in run 1.1 of Table 1),
a positively buoyant composite is obtained (Figure 3). With
a CO, flow rate equal to or lower than the maximum (e.g.,
6 mL min~! as compared with the maximum value of 7.5 mL
min~tinrun 3.4 of Table 1), a negatively buoyant composite
is produced (Figure 4). Quantitative experimental data
separating the “positively buoyant” and “negatively buoyant”
regimes are shown in Figure 6. The positively buoyant regime
corresponds to the region above the line for the thermo-
dynamic conditions represented by each line, while the
negatively buoyant regime falls below the line. For instance,
if the initial flow conditions fall in the positively buoyant
regime (point A in Figure 6), one can decrease the CO; flow
rate (point B) or increase the water flow rate (point C) to
switch to the negative buoyancy regime, provided that the
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TABLE 1. Experimental Conditions for Producing a Sinking CO,
Hydrate Composite®

water max liquid
flow Nre Nge of CO; flow
rate (mL in water rate (mL
exptrun P(MPa) T(°C) min~?) capillary droplets® min™t)
1.1 10.5 4.2 21 2491 2.37 35
1.2 10.4 4.2 22 2609 251 4
1.3 104 438 23 2728 2.61 4
14 104 46 24 2846 2.80 5
15 105 45 25 2965 3.00 6
21 11.8 41 20 2372 2.22 3
2.2 11.8 4.4 21 2491 2.46 45
2.3 11.8 4.1 22 2609 2.71 6
2.4 11.8 4.6 23 2728 2.90 7
25 11.9 43 24 2846 2.95 6.5
2.6 11.8 45 25 2965 3.09 7
3.1 13.2 3.9 19 2253 2.22 4
3.2 13.1 45 20 2372 251 6
3.3 13.2 44 22 2609 2.80 7
3.4 13.2 4.2 23 2728 2.95 7.5
3.5 132 51 24 2846 3.09 8
3.6 132 44 25 2965 3.24 8.5

aFor each experiment set, the maximum liquid CO, flow rate is
determined. Rising hydrate composite was produced when the liquid
CO, flow rate exceeded the maximum. ? The measured droplet size
(267 um) is used for the Nge calculations.

——10.3 MPa
—-11.7 MPa
7 —8—13.1 MPa

Flow rate of CO; (ml/min)
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FIGURE 6. Density boundaries for producing a negatively buoyant
hydrate composite. Point A denotes flow conditions for a positively
buoyant hydrate composite at 10.3 MPa. Decreasing the CO; flow
rate (to reach point B) or increasing the water flow rate (to reach
point C) produces a sinking hydrate composite.

other conditions remained unchanged. When the operating
conditions are changed from point A to point B or point C,
at the point at which they coincide with the line, the hydrate
composite becomes denser than the surrounding water. The
minimum conversion of CO; required to produce a denser
composite has been shown to be intrinsic to pressure and
temperature and independent of the water and CO; flow
rate (eq 2). However, it was determined experimentally that
at a given CO; flow rate there is a minimum water injection
rate that is necessary to make a denser composite product.
This observation suggests that the water flow rate affects
mixing and mass transport rates, which control the actual
conversion rate.

Gas Hydrate Formation Mechanism. Gas hydrate for-
mation in the reactor appears to follow two consecutive
steps: (i) water droplet formation and (ii) gas hydrate
formation on the surface of the water droplets. Because gas
hydrate formation occurs at the interface between liquid CO,
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FIGURE 7. Water droplet size as a function of the ratio of water
flow to total flow rate.

and water, the reaction rate is proportional to the surface
area (i.e., the total surface area of water droplets) (30). For
the estimation of the total surface area available for the
reaction, the water droplet size distribution was measured
with the borescope system described in the previous section.
In Figure 7, the average droplet size is plotted as a function
of the ratio of water flow rate to the total flow rate; this ratio
represents the volume fraction of the droplet phase. No
systematic change was noted in the average size of the water
droplets with the changes in the volume fraction of the
dispersed phase for the range of conditions used in the
experiments. Significant fluctuations in the droplet size were
observed as the volume fraction of the dispersed phase was
increased. However, as a first approximation, the water
droplet size was assumed to be constant, regardless of the
flow rate of water and CO,. The average drop diameter,
obtained using the borescope system, was found to be 267
um with a standard deviation of 79 um.

The water drop size can also be calculated by using
Weber’s instability theory. According to this theory, the
droplet size is independent of the velocity of water flow rate
through the nozzle. The following equation is derived for
calculating the water droplet size at the end of the water jet
(25):

£ = (%)1/3(1 + 378 ®)

i
where Z* = (3up + uc)/(doop)?; up and uc are the viscosities
of dispersed water and continuous liquid CO, phases,
respectively; r is the radius of the droplet; and r; is the radius
of the jet, which is approximated by 1.88r. (25). Here, r¢ is
the internal diameter of the capillary and d, is the opening
of the orifice, which is ~2r.. Using eq 3, we calculated the
droplet diameter for the conditions of the experiments as
310 um. This value compares favorably with the experimental
value of 267 + 79 um that was obtained from the measure-
ments.

The production of CO, hydrate on the surface of water
droplets is derived by the steady-state hydrate conversion
(xn) in the coflow reactor at the experimental pressure and
temperature, which is defined as follows:

_ total moles of hydrate formed, M, M,
*h = "total moles of CO, injected, M, _ Q.p/44

4)

where Q. is the CO; flow rate and My and M. are expressed
as moles per unit time. The total number of moles of hydrate
was calculated based on the amount of hydrate formed on
a single water droplet (M _arop) surrounded by liquid CO,
and the number of water droplets (Narop) introduced in the
reactor per unit time:

Qw
I\/Ih = Ndroth_drop = 4_3Mh_drop (%)

§.7'[ r

where risthe radius of water droplet and Qy, is the water flow
rate.

Mass Transfer-Limited Model. The growth of hydrate
films (related to the amount of hydrate formed) at interfaces
between liquid CO; and water has been widely studied (ref
31 and references therein). Because hydrate formation and
decomposition at fluid interfaces are not completely un-
derstood, different models for predicting hydrate film thick-
ness have been and continue to be proposed (32). In the
absence of specific parameters needed for the models
described by Mori (32), we calculate the hydrate film thickness
on a water droplet by assuming that diffusion of CO;
molecules into the water phase controls hydrate formation,
analogous to mass transfer on a CO, droplet (31, 33). The
change in the hydrate thickness on a CO, droplet results
from hydrate growth and dissolution, which are controlled
by mass transfer from liquid CO, into water depending on
the saturation state of CO, in water (20, 31, 34). For the case
in which aliquid CO; droplet is surrounded by water, a mass
transfer model has shown that the hydrate shell greatly
reduces the mass transfer of CO; into water (19, 28, 35). The
rate of change of the hydrate shell is limited by mass transfer,
expressed as dr/dt = k*, where r is the radius of the drop and
k* is the overall mass transfer coefficient (19). The value of
k* is estimated to be between 10~7 and 10°® m s~ in the
presence of a hydrate shell (19, 28, 34).

Using a similar approach to that shown in Ogasawara et
al. (19), we calculate the amount of hydrate formed on the
surface of awater droplet with an initial radius of rp as follows:

Pn
MW,

4
M _drop = ?JT[(AV + ro)3 - r03] (6)

Ar= [ dt )

where MW, is the molecular weight of the hydrate, Ar is the
thickness of the hydrate shell, and At is the residence time
in the reactor. Equation 7 is similarly derived as eq 2b in
Ogasawara et al. (19), with a water drop replacing the liquid
CO; drop. Accordingly, k* is the overall mass transfer
coefficient across the hydrate film. Combining egs 4—6, one
derives

_Adp, QuI(Ar 3
X = MWh,OC Q_C[(I’_o + 1) - 1] (8)

or

= _44en_Qu3Ar
n MWhpc Qc r0

9)

The latter expression (eq 9) is obtained because the thickness
of the hydrate shell, Ar, is normally on the order of 1—10 um
(31, 34, 35), making Ar/ro, < 1/20.

At constant temperature and pressure, hydrate conversion
will increase with an increasing ratio of water to CO, flow
rate (Quw/Qc) and will decrease with increasing water droplet
size (ro) (eq 9). Additionally, because the thickness of hydrate
layer (Ar) is a function of the mass transfer rate (eq 7), the
hydrate conversion implicitly depends on mixing intensity
as expressed by the Reynolds number, Nge. In the absence
of hydrate, the mass transfer coefficient was demonstrated
to increase from 1 to 10 um s with increasing values of Nge
from 10 to ~2000, while in the presence of hydrate, the mass
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TABLE 2. Hydrate Conversion Calculated with Equation 5, Based on a Mass Transfer-Limited Model®

Flow rate of Flow rate of liquid CO, (mL min™")

(m{vkﬁﬁ;.l) 25 3 35 4 45 5 5.5 6 7
19 b 0.186 0.158  0.136  0.120 0.107  0.096  0.08  0.074
20 b 70193 0164  0.142  0.125  0.111 0.100  0.091  0.077
21 b 0200 0.170 0147 0130 0.116  0.104 0.095  0.080
22 b 0207 0176 0153 0.135 0.120  0.108 0.099  0.083
23 b 0215 0182 058 0.140 0.125  0.112 0.102  0.086
24 b 0222 0.189 0164 0.145 0.129 0116 0.106  0.090
25 b 0229 0195 0169 0149 0.33  0.120 0.110  0.093

2 Expressed as the ratio of moles of hydrate to the initial moles of injected liquid CO,. Calculation is made for a coflow reactor with 125 um
capillary, 6.4 mm diameter by 140 mm length of mixing zone at 10.3 MPa and 4 °C. Water droplet size is 267 um. The bold numbers represent
values greater than the minimum conversion under the Pand T conditions (xh_min = 0.145) as calculated by using eq 2. Flow conditions under which
sinking composites were experimentally obtained are shown below the horizontal broken lines. ? No hydrate formation.

transfer coefficient increased from 0.3 to 2 um s™* with
increasing Nge (19). Fitting data from Figure 4 in Ogasawara
et al. (19), the overall mass transfer coefficients (in m s™1)
without hydrate (ki) and with hydrate (k;-n) are as follows:

k_, =258 x 107"+ 6.26 x 10" Ng,”*  (10)

K_p=023x 107"+ 1.48 x 107" Ng,'*  (12)

In the coflow reactor used in this work, the value of Nge
varied from 2200 to 3000 in the capillary to 2.2—3.3 for water
droplets in the mixing zone (see Table 1). Because of the
complexity of the system, for the calculation of Ar, the
following approximations have been made:

(i) Attimes <0.2 s, mixing is characterized by the capillary
Nre, and mass transfer is characterized by the overall mass
transfer coefficient (ki—) without a hydrate shell.

(ii) At times >0.2 s, mixing is characterized by the Nge of
the water droplets, and mass transfer is represented by the
overall rate with hydrate present.

These assumptions are considered reasonable because
the jet breakup time is reported as ~0.2 s (25). The water
droplets did not coalesce following the jet breakup, indicating
that hydrate has begun to form on the droplets. The thickness
of the hydrate shell, as expressed in eq 7 is then calculated
by

Ar =0.2k_, + (At — 0.2)k,_,, (12)
The residence time is determined by the reactor size (6.4
mm diameter by 140 mm length) and the total flow rates of
water and CO,. Substituting eq 12 into eq 8, we calculated
the hydrate conversion at 4 °C and 10.3 MPa as a function
of the relative flow rate of water and CO, (Table 2).

Limits of Flow Rate Ratio. As Table 2 indicates, both
increasing the water flow rate and decreasing the CO, flow
rate have the effect of increasing hydrate conversion and
producing sinking hydrate composite. However, a critical
value of Q./Qy exists. As determined in a previous study, the
CO; mole fraction in aqueous solution must reach a critical
value (Yco, = 0.034—0.036) for hydrate formation (3). By
converting this value to the flow rates used here, it was found
that Q./Q,, must be >0.1. For the maximum water flow rate
used in Table 2, hydrate formation should not be expected
at CO; flow rates <2.5 mL min™!, and in fact, hydrate
formation was not observed under these conditions.

In general, Table 2 shows good agreement between
experimental data and modeling results, where the flow
conditions under which sinking CO, hydrate composite was
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observed (below broken line), matched well with those
corresponding to the bold numbers. The bold numbers of
Table 2 are greater than the minimum hydrate conversion
(Xn_min ~ 0.145) as calculated by eq 2. Ata given set of pressure
and temperature values, the model predicted an increasing
hydrate conversion with increasing water flow rate (columns
4—7 of Table 2). Experiments have shown that increasing
water flow rate generally results in a buoyancy reversal from
positive to negative at a fixed liquid CO; flow rate. The effect
of water flow on hydrate formation may result from a
combination of an increased reaction area and increased
mixing energy. At steady state, the total reaction surface area
can be shown to be proportional to Qu/ro. Thus, both
increasing the water flow rate and reducing the size of water
droplets (e.g., by using a smaller capillary orifice; see eq 3)
would increase the reaction area, which is a key factor in
increasing hydrate production.

Increasing the water flow rate also results in increased
Reynolds number, which has the effect of enhancing the
mass transfer rate between water and CO,, as demonstrated
in dissolution experiments (19, 34, 36). Calculations using
eqs 5 and 6 showed that mass transfer rates in liquid—liquid
and hydrate—liquid phases were equally important for the
total hydrate conversion. As the water flow rate increased
from 19 to 25 mL min™, the Ng. in the capillary increased
proportionally (by 32%), resulting in a 9% increase in ki (eq
10). The increase in the Nge for water droplets in the mixing
zone is slightly smaller (27%), but the effect on ki— is a 7.4%
increase (eq 11). The effect from the increases in mass transfer
coefficients (k- and kj—n) alone represents an increase in the
hydrate conversion by 8%. If the effect of increased reaction
surface areaisincluded, a23% increase in hydrate conversion
is obtained.

Additionally, a flow rate increase will result in a decrease
in the residence time in the reactor. Although not shown
explicitly in Table 2, the residence time decreases with the
CO; flow rate (from left to right in Table 2) and with water
flow rate (from top to bottom in Table 2), respectively.
Because the hydrate shell thickness is directly proportional
to the residence time (eq 7), the hydrate conversion should
be expected to increase with residence time. For example,
a 25% increase in residence time (8—12 s) could increase the
hydrate shell thickness from 3.3 to 4.2 um when the other
parameters are held constantat 4 °C and 10.3 MPa. However,
because of the fixed reactor volume, increasing the residence
time will necessarily decrease the total flow rate. Compared
with the effect of increasing flow rate on hydrate conversion,
the effect of reducing the residence time is small for the
coflow reactor used in this work.



Some discrepancies exist between the model and ex-
perimental observations (Table 2). At high water and CO;
flow rates, a sinking hydrate composite was obtained
experimentally, despite the fact that the model predicted
hydrate conversions <xn min at the given pressure. Addition-
ally, atrelatively low water and CO; flow conditions, a sinking
composite was not observed, although the model predicted
a hydrate conversion higher than the minimum. The likely
explanation for these discrepancies might be the uneven
distribution of water droplet size, which causes inaccuracies
in the prediction of the total reaction area. Although the
water droplet size was considered independent of the flow
velocity, the deviation in the average size of water drops for
a particular run might affect the interaction area sufficiently
and, hence, the hydrate production. Most importantly, lack
of experimental data on CO, concentration in water and water
in liquid CO; and corresponding solubility data limit our
ability to use more sophisticated models as presented by
Mori (31) on hydrate formation. For example, the initial
estimate of thickness of hydrate films could have considered
heat transfer (37) because hydrate formation raises the
temperature at the reaction interface, promoting transport
of CO, molecules (28) and significantly affecting further
hydrate formation.

Additionally, the pressure effect is not explicitly considered
in the model. As the pressure is raised, pc is increased, which
in turn reduces hydrate conversion (eq 9). However, the
hydrate shell thickness (Ar) increases with pressure because
of a greater driving force for hydrate formation at higher
pressures (38). At a higher pressure, the minimum hydrate
conversion also decreases (eq 2) (23). As a result, a higher
pressure has the general effect of more easily producing a
sinking hydrate composite. Experimentally, it was observed
thatincreasing the pressure results in reversing the buoyancy
of hydrate composites from positive to negative when flow
ratesand temperature are held constant. This effect is shown
in Table 1, where for a CO; flow rate (Qc) of 8 mL min~1, the
buoyancy of the hydrate composite is positive in run 2.6
[Qc > max Q¢ (= 7 mL/min)] but negative in Run 3.6 [(Q. <
max Q. (= 8.5 mL/min)] at a higher pressure.

Nevertheless we found that, within the limit of P and T
conditions, eq 9, based on mass transfer-limited hydrate
formation, shows the dependence of hydrate conversion on
the water drop size and ratio of water to CO, flow rates. The
most sensitive parameter affecting hydrate conversion is the
radius of the water droplets, as shown in eq 9. The hydrate
conversion would be reduced by 50% by raising the water
droplet size 2-fold (from 300 to 600 um) alone. This result
isequivalent to enlarging the capillary internal diameter 2-fold
fromitsinitial size. Generally, a small capillary size produces
small water droplets that have the same effect as producing
very small CO, droplets in order to increase CO, hydrate
conversion (20). Note that eq 9 may be used for the design
of a laboratory reactor for further studies but should not be
used for large-scale design. Current work is underway to
study scale-up issues.

Seawater Experiments and Plume Modeling. Although
this paper reported the results of using freshwater in the
coflow reactor, experiments using saltwater were also
conducted. Generally, greater hydrate conversion is needed
to obtain sinking hydrate composite particles using seawater
(datanotshown). Thisisapparent from eq 2 where the density
of seawater is greater than that of freshwater. Additionally,
we performed experiments in the open sea and obtained
hydrate conversion at ~0.25 (manuscript in preparation).

Because the individual composite particles produced both
in the SPS and at sea were close to neutraly buoyant, they
did not sink (or rise) very much, leading one to the initial
conclusion that, without a greater hydrate conversion rate,
injected CO, would not sink. However, in a real application

TABLE 3. Mean Sinking Depth (Rising Height) in Meters of CO,
Plumes

CO; loading in kg/s

hydrate initial plume
conversion (%) composition 1 10 100 1000
~25 composite particles 60 110 200 350
100 solid hydrate particles 250 400 700 1200
0 liquid CO; droplets (30) (30) (70) 10

where a stream of particles would be injected and their
dissolution would drive a local increase in seawater density
creating a negatively buoyant plume that would sink
significantly. A dense single-phase plume discharged to a
quiescent, stratified ambient seawater will sink and eventually
become trapped by the ambient stratification at a depth h
given by Turner (39) as approximately

h= 268, 7 (13)
NO.75

where B, is the kinematic flux of (negative) buoyancy defined
by Bo = Qo(po — pa)/pa)g and N is the stratification frequency
given by N = [9/p)(dpa/dz)]°%. Here Q, is the initial volume
flow rate of the plume, g is gravity, p, and p, are the initial
plume and ambient densities, and z is depth. B, can be related
to the mass loading of CO, mco, (in units of kg s7) as

B, = Am (14)

where 5 = 0.0019 m* kg™* s72 (7, 40).

In Table 3, we calculate the sinking depth h of a negatively
buoyant plume formed from the instantaneous dissolution
of neutrally buoyant composite particles injected into
ambient waters characterized by N = 0.003 s~*. Calculations
are made for CO, mass injections of 1, 10, 100, and 1000 kg/s.
Note that a 500-MW coal plant will produce a CO, stream
of approximately 123 kg/s (41). The table also includes the
corresponding average depths to which a plume of pure solid
hydrates (i.e., 100% conversion efficiency) would sink before
complete dissolution and the average heights to which a
droplet plume of pure liquid CO; (i.e.,, 0% conversion
efficiency) would rise (or, in the case of large loadings, the
slight depth to which such a plume would sink). These
additional calculations are made with an integral double-
plume model assuming similar ambient conditions and an
initial hydrate particle diameter of 1 cm (42) or an initial
liquid droplet diameter of 0.5 cm (43). Clearly a conversion
rate of order 25%, as reported herein, takes us a significant
way toward maximum theoretical sinking (100% hydrate
conversion). However, to use this method operationally,
further studies should be conducted to address greater
conversion efficiency, scale-up criteria, sequestration po-
tential, and biological effects of dilute CO, plumes.
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