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Ocean Disposal of CO,: Conditions for Producing Sinking CO, Hydrate
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ABSTRACT

Carbon dioxide sequestration at intermediate ocean depths in the form of a sinking CO,
stream has been shown to be technically feasible. Buoyancy characteristics of CO,
hydrate particles obtained from a coflow reactor operating under conditions that
produce negatively buoyant CO, hydrate composite particles were studied. Using a
simplified process model, the limiting ratios of CO, to water to produce sinking
hydrate composite streams were established for pressure and temperature conditions
of intermediate ocean depths. A kinetic model involving a mass transfer step and a
reaction step was proposed to explain experimental data using a seafloor process
simulator. Results suggest that the reactor operates under mass-transfer controlled
conditions. Although the density of freshwater is only a few percentage units less
than that of seawater, operating conditions derived from freshwater-based studies are
significantly different for ambient seawater. Owing to the higher density of seawater,
greater conversion of CO, to hydrate is needed to obtain a sinking CO, composite
stream than at the same depth of freshwater.
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INTRODUCTION

The disposal of anthropogenic greenhouse gases now
entering the atmosphere is increasingly becoming a global
problem. High atmospheric concentrations of these gases
may increase the earth’s average temperature and severely
modify the world’s climate. Carbon dioxide (CO,) is one

of the most abundant greenhouse gases. Because of the
relatively high solubility of the gas, atmospheric-ocean
exchange over the large ocean surface could regulate the
atmospheric concentration."'! Additionally, the large
storage capacity of the ocean holds an assurance for
an active CO, injection into the deep ocean to solve
this problem.”* For the success of such a strategy, the
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behavior and stability of liquid CO, after it has been
delivered into the ocean are very important.

At pressures above 4.45MPa and temperatures
below 283.4K, CO, forms a solid compound with
water, known as clathrate or, more commonly, CO,
hydrate.' The stability of this solid compound is a func-
tion of the temperature and pressure at the disposal depth,
where the hydraulic pressure affects the ambient opera-
ting pressure, as well as other factors such as constituents
in the water reflected in its salinity."”’ The dissolution
characteristics of the injected CO, stream will determine
the residence time of the CO, injected into the sea. Slow
dissolution will result in a larger, more dilute CO, plume,
whereas very high dissolution rates of the solid hydrates
into seawater will threaten the marine environment by
causing an unacceptable decrease in the ocean’s pH.!®!
Careful design of disposal techniques is required to
avoid these problems. The disposal techniques should
also be economically feasible; otherwise, they will not
be applied in large-scale projects.

Recently, West et al.”! proposed a technique for
direct ocean CO, injection in which CO, is disposed of
at depths of 1000—1500m in the form of a negatively
buoyant water/liquid CO,/CO,-hydrate composite
stream. The sinking characteristics of the composite
stream may prolong the CO, residence time in the
ocean during seawater entrainment, mixing, and dis-
persion by delivering it to greater depths and thus
increase the potential for long-term sequestration of
CO, in the ocean.!™

Based on earlier experimental investigation using
both salt water and freshwater, this project determines
optimal operating conditions for the process.!”! Simple
operating models are proposed to understand the
formation process of the composite.

PREVIOUS EXPERIMENTAL
INVESTIGATION

Semisolid CO, hydrate composites were produced via
mixing of liquid CO, and water in a coaxial cylindrical
reactor that was placed in a 72.2-L, temperature-
controlled, high-pressure vessel (Fig. 1).7= The coaxial
cylindrical reactor (Fig. 2) consists of a capillary tube
located at the center of an outer tube. The inner diameter
(ID) of this outer tube is 6.3 mm, the ID of the capillary
varies between 125 and 250 wm, and the outside diameter
of the capillary is 1.6 mm. In the reactor, water is injected
at high velocity (Re = 2100—2900) through the capillary
into a slow-moving stream of liquid CO, (Re =2.2—
3.2).%) The reactor-mixing zone extends from the outlet
of the capillary to the end of the outer tube (~0.14m).
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Figure 1. Vessel configuration and experimental arrangement.

Typical experiments involved filling the pressure
vessel with fresh water or salt water (3.5% NaCl by
weight). The vessel was then pressurized to a predeter-
mined level (10—13MPa) with nitrogen gas and then
cooled to the desired temperature (2—5°C) in a cold
room. Liquid CO, and water were injected using
syringe pumps (ISCO, model 100 DM) at predetermined
flow rates of 4—20 and 15-25mL min "', respectively.
The composite stream leaving the injector was then
observed through a video camera placed against one of
the 5-cm sapphire windows of the vessel.® The buoy-
ancy of the composite in the surrounding vessel water
was observed at various flow rates.

In the injection experiments, water and liquid CO,
were injected into the concentric reactor, where CO,
flowed through the outside annulus, and water was deli-
vered through a central capillary tube (Fig. 1). Water and
liquid CO, were then contacted inside the reactor tube
where hydrate formation occurred. Because of hydrodyn-
amic instability of water in liquid CO,, the water phase
will break into droplets.”®! Hydrate films form on the
water—CO, interface (Fig. 3) preventing the droplets
from coalescing and causing them to cluster together in
a “grapelike” configuration (Fig. 2). A large number of
droplets appeared to form the solid composite made of
hydrate-covered water, unreacted water, and liquid
CO,.™®1 Both freshwater and saltwater experiments
show that at a given vessel pressure and temperature, if
the CO, flow rate is held constant, the buoyancy of the
hydrate composite leaving the injector changes from
positive to negative with increasing water flow rates
(Fig. 4). We also observed that for a given CO, flow
rate, the minimum water flow rate needed to make a
sinking composite increased with decreasing press-
ure.[”8 However, in saltwater, the minimum water
flow rate for making sinking composite hydrate is
higher than in freshwater.
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Figure 2. Coflow injector.

The presence of water and liquid CO, will allow
further hydrate formation to occur. Because of the non-
equilibrium condition of the ambient water, at some
point after injection into the surrounding seawater,
hydrate dissolution will also become an important
process.!'% Since the composite residence time in the
reactor is 8—14 sec,[g] this process is assumed not to
occur inside the reactor.

MODEL DEVELOPMENT

Based on the experimental system and observation,
a simple model is proposed to study the process with
the following assumptions:

1. The limiting reactant is CO,. This assumption is
justified based on two facts: (i) CO, hydrate
forms at the water-side of the interface, which
means that CO, has to transfer through
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Figure 3. Schematic of the kinetic model.

hydrate pores and (ii) the flow-rate ratio of
CO, to water in the coflow injections is less
than the ratio needed for complete hydrate
conversion.

2. Water droplets have sufficient time to fully
develop, but they are covered by hydrate
shells before there is an opportunity for them
to coalesce.!'!!

3. All the injected water and liquid CO, are
consumed in forming the hydrate composite,
which means no losses of injected liquid
phases to the surrounding water.

4. Droplet size can be predicted using liquid—
liquid jet hydrodynamic model, as proposed by
Teng et al.l'!}

5. The hydrate forms on the water-side of the
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Figure 4. Density boundaries for producing negatively buoy-
ant CO,-hydrate composite in freshwater and saltwater.
Decreasing the CO, flow rate or increasing the water flow
rate produces a sinking composite. Higher water flow rates
are necessary for producing sinking composite in saltwater.
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6. The hydrate film slows down mass transfer
of CO, towards the water phase, but does not
stop it.["*

7. The hydrate layer can be considered as a porous
solid with the pores filled with water."'*!

8. The entire system works as a chemical reactor
with an average conversion, X, for the limiting
reactant given by

Feo, — Feo,
= (1)
F
CO;,
where F Ocoz is the initial molar flow of the limit-
ing reactant (CO,) and Fco, is the exiting molar
flow of the limiting reactant.

A mass balance applied to the hydrate composite
allows us to derive a relationship between the conversion
(X) and the hydrate composite density:

B M. + M,0°,
Peom =01 /(P T) + My 00 /po (P, T)
+X(Mn/py(P, T) — Mc/po(P, T)
_nhMW/pW(Pv T))

Here po(P, T), pu(P. T), po(P, T), and peom(P, T)
are the CO,, water, hydrate, and composite densities,
respectively; M., M,, and M;, are the CO,, water, and
hydrate molecular weights, respectively; n, is the
hydrate number (the ratio of water to CO, molecules in
the hydrate); and 6\ is the molar ratio of the input
water to input CO,, which is related to Q,,/ Oco, Ow
and Qco, are the operational volumetric flow rates
from water and CO,, respectively.

Equation (2) can be used to calculate composite
density as a function of limiting reactant conversion
and input molar flows at a given ambient temperature
and pressure. Equation (2) can be rearranged to obtain
the minimum required conversion to produce a compo-
site that is neutrally buoyant (pcom = pw):

(pw(Pv T)/pc(Pv T) B 1)

where X, is the conversion value at the neutrally
buoyant point (conversion critical point). Although
Xmin 1S a function of temperature and pressure, it is not
a function of the input molar flow ratio, Gev However,
the actual hydrate conversion, X, is likely dependant on
6%, because it is expected to influence the mixing of
CO, and water in the reactor and subsequent conversion
of CO, to CO, hydrate. Other than the minimum conver-
sion, the value of X generally depends on input molar
flow ratio.

2

Xiin =

(©)
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In order to explore the mechanisms controlling the
rate of hydrate formation, we propose a highly simplified
kinetic model of this complex process. Although this
model may have a limited theoretical foundation, the
only purpose of its application is to study qualitatively
the kinetics of hydrate formation related to our reactor,
and not to propose it for other systems. The kinetic
model is based on the assumptions 2, 5, 6, and 7 listed
earlier.

The proposed kinetic model is depicted conceptually
in Fig. 3. The figure depicts hydrate formation in a single
water droplet. The hydrate formation process consists of
three steps:

1. CO, dissolution into pore water at the CO,—
hydrate interface.

2. CO, mass transport through the hydrate porous
layer.

3. Reaction at the hydrate—water interface.

The first step involves dissolving CO, into pore
water on the liquid CO,—hydrate interface. The assump-
tion of no mass transfer resistance at this stage of the
derivation results in the concentration of pore water
CO, in the hydrate (Cy) at equilibrium with pure
liquid CO; (Cop).

Co

o @

Keqg =

Here, K.q is the distribution equilibrium constant
between the carbon dioxide liquid phase and the liquid
water filling the pores of the hydrate layer.

The second step involves mass transfer through the
hydrate layer, a process that involves CO, mass transfer
through the water filled pores. This is based on a model
presented by Mori and Mochizuki"™*' in which the
hydrate layer is porous, with water filling the pores and
mass transport occurring inside these pores (i.e., liquid
diffusion), and not through the solid hydrate (i.e., solid
diffusion). The third step represents reaction on the
water-side of the hydrate—water interface.

Under steady-state conditions, the rate of every indi-
vidual step is the same, i.e., the molar flow (J..) of CO, in
all the steps should be the same. A global mass balance
on all the particles located inside the reactor yields

Jc = KgCOVr = kMTA(CHI - CHZ) = krACl—lz (5)

Here, K, is the overall (global) reaction coefficient,
V, is the reactor volume, ky,t is the mass transport coeffi-
cient through the hydrate layer, &, is the reaction rate
coefficient at the hydrate—water interface, A is the
total reaction area; and all the C; values are CO,
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concentrations at the points shown in Fig. 3, Cg is the
concentration of pure CO, in the liquid phase, Cy, is
the aqueous concentration of CO, in the hydrate pore
at equilibrium with liquid CO,, and Cy, is the aqueous
concentration of CO, in the hydrate pore at the
hydrate—water interface. The concentration diagram
presented in Fig. 3 agrees with those proposed by
Ogasawara et al."'>! for CO, droplet dissolution and by
Uchida et al.!"® for hydrate formation in water droplets
immersed in liquid CO,.

The linear sequential three-step process described by
Eq. (5) allows us to relate the global reaction coefficient
(K,) to the mass transfer coefficient through the hydrate
layer and to the reaction rate coefficient by the following
equation:!'”}

g MT T

The value of K, can be calculated at the conversion
critical points by using our experimental data.’® The
critical conversion values, X,;,, are calculated from
Eq. (3), but the critical conversion values can also be
calculated using

Reaction rate at critical conversion

Xinin = 9
min Fgo
Introducing Eq. (5) into Eq. (6) yields
K.ACoV;
Xmin gFO © (8)
Co

Equation (8) allows us to calculate the value of the global
reaction rate coefficient, K, from the experimental data.

RESULTS AND DISCUSSION

Fluid density generally increases with ambient
pressure, depending on the compressibility of the fluid.
Because liquid CO, is more compressible than that of
water, its density increases more significantly than
water under the same ambient hydraulic pressure at a
given ocean depth of water.®! Figure 5 depicts
the density variation for distilled water, saltwater,“8]
and CO,"®! with ocean depth. All densities increase as
the depth increases.

The critical conversion, X,,;,, is defined as the limi-
ting reactant (CO,) conversion that produces neutral
buoyancy of the hydrate composite at a given tempera-
ture and pressure (or depth) for a given ambient
medium. When neutrally buoyant, the density of the
hydrate composite is equal to that of surrounding water
at that depth. Critical conversion is a function only of
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Figure 5. Density variation with depth. Seawater density was
provided in Ref. "8 and CO, density was provided by Teng.!'*!

the densities of ambient water, CO,, and solid hydrate,
which are functions of temperature and depth. Equation
(2) shows that X,,;, values are controlled by the density
ratios p(P, T)/p(P, T) (for ambient water to liquid
CO,) and pw(P, T)/pn(P, T) (for ambient water to
hydrate). Figure 6 depicts the variation of the critical
conversion with depth for ambient freshwater and
saltwater. The critical conversion decreases as depth
increases, implying that less CO, conversion is needed
to achieve neutral buoyancy as depth increases. A critical
depth is reached when the critical conversion becomes 0.
For greater depths, critical conversion values would
become negative, which means that neutral buoyancy
cannot be achieved at those depths. The reason for this
is that the injected fluids are too heavy to maintain
neutral buoyancy at depths greater than the critical
depth. Although the density difference between fresh-
water and seawater is small (2—3%), the critical depth
is much greater for saltwater (~3000m) than for fresh-
water (~2000 m) when used as ambient medium (Fig. 5).

Figure 7 shows that at pressures corresponding to
depth values smaller than the critical depth (positive
Xmin), the ambient water density is higher than the CO,
density. At the critical depth, X ..;, is equal to O; therefore,
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Figure 6. Minimum conversion as a function of depth.
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Figure 7. Density variation vs. minimum conversion for
distilled water and salt water.

the composite consists of water and CO, only, and the
density of the ambient water equals that of CO,,
whereas at higher depths the CO, density becomes
higher than the water density. The same behavior was
observed using saltwater.

Equation (2) can be used to calculate the density of
the produced composite (p.om) at ambient water depth as
a function of CO, conversion. In Fig. 8, which depicts
Peom/ Pw curves corresponding to different constant con-
versions, it is apparent that higher conversions associate
with higher composite densities. This plot can be used
to determine critical conversions for CO, to produce
sinking composite at various water depths. These critical
conversion points are determined by the intersections of
the conversion curves with the horizontal line p.om/
pw = 1. For this calculation, saltwater is used for p,.

The influence of the input molar flow of the limiting
reactant (CO,) is shown in Fig. 9. The influence of differ-
ent volumetric flow rate ratios (Qw/Qco) for X = 0.1 is
shown. All the curves intersect at one point, independent
of the volumetric flow rate ratio of water to CO,. This is
the critical conversion point, where p.om/pw = 1, and the
corresponding depth depends upon the specific conver-
sion. This behavior was predicted by Eq. (3), in which
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Figure 8. Density ratio for constant conversion curves at
different depths.
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Figure 9. Influence of volumetric flow rate ratios (Qw/Qco)
on density ratios for a fixed conversion (X = 0.1).

the critical conversion depends only on the phase
densities, but not on the feed ratios of the two reactants.
This behavior is not observed for other depth values, as
shown in Fig. 9. At less than the critical conversion
depths, the density ratios are higher for higher water to
CO, volumetric flow rate ratios. However, this trend is
reversed for depths values higher than the one corres-
ponding to the critical conversion point. This finding
can be explained by considering that at lower depths
than the one corresponding to the critical conversion
point, the density of water is higher than that of CO,,
but the reverse is true at greater depth values.

Figure 10 shows that higher conversions ensure
higher densities operating under constant volumetric
flow rate ratios. The density of the critical conversion
point has been determined experimentally by recording
the water density at the corresponding pressure and
temperature.” The volumetric flow rate ratios corre-
sponding to the different critical conversion points were
also determined experimentally. After the determination
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Figure 10. Density ratio variation with depth at different
conversions using a constant volumetric feed ratio €%, = 2.5.
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of the volumetric flow rate ratio corresponding to the
critical conversion point, further increases in the CO,
flow rate produced a positively buoyant composite,
whereas decreases in the volumetric flow of CO, pro-
duced negatively buoyant (sinking) hydrate composite.
Of course, the density of the positively buoyant compo-
site is lower than the ambient water density, whereas
the density of the sinking hydrate is higher than that of
the surrounding seawater. It is reasonable to assume
that negatively buoyant hydrate composite will have con-
version values above the critical value, whereas posi-
tively buoyant hydrate will have conversion values
below the critical value. This conclusion is supported
by Fig. 10, which shows that for the same depth,
higher density values are associated with higher conver-
sion values. A clear example is a depth of 1000 m, where
the critical conversion is approximately 0.2 (peom/
pw = 1). A conversion of 0.3 predicts a density ratio
greater than 1, whereas a conversion of 0.1 predicts a
density ratio below 1.

A method for experimental determination of the
density values for composites produced in coflow injec-
tions showing buoyancy behavior other than the neutral
buoyancy at critical conversion has not yet been devel-
oped; therefore, qualitative calculations were performed
using Egs. (2) and (3). We started with the experimen-
tally determined composite density obtained at the criti-
cal conversion point [Eq. (3)], and then set several values
of density and volumetric ratio above and below the criti-
cal ones. The main idea was to test the sensitivity of
Egs. (2) and (3) to volumetric flow ratio (62) and
density values. Values of volumetric flow ratio (62)
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and density values were proposed and the corresponding
conversions were calculated using Eq. (2). Typically,
four values of volumetric ratios (6°) were calculated,
5% and 10% higher and 5% and 10% lower than critical.
Corresponding density values, 0.3% and 0.5% higher and
0.3% and 0.5% lower than the critical density, were pro-
posed and also used. It should be noted that due to the
sensitivity of Eqgs. (2) and (3), small density changes
produce large changes in the values of the conversion.

Examples for three different points are shown in
Table 1. The positively buoyant values are indeed associ-
ated with conversions below the critical ones, whereas
the negatively buoyant values are associated with
conversions above the critical conversion point. Large
changes in conversion produce small changes in
density, and the sensitivity of the equation suggests the
need for very careful design of these reactors. Small
local density changes could require operating conver-
sions very different from the predicted ones.

The product of minimum conversion (X,;,) and CO,
input molar flow (Fgoz) represents the amount of CO,
converted in the reactor for neutrally buoyant particles.
Figure 11 shows the increase of the global reaction rate
coefficient (K,) as the amount of converted CO, is
increased. The plot is a graphical representation of
Eq. (8). Small discrepancies between the experimentally
derived (discrete points) and calculated (straight line)
with Eq. (8) are due to inaccuracies in determining the
total surface area (A) of the particles (8) and the CO,
concentration (Cp).

The relationship between the value of the global
reaction rate coefficient and the water-phase Reynolds

Table 1. Density differences for conversion changes.

P (MPa) T (°C) Ow/ Oco, X Density (kg m 3 Buoyancy behavior
10.5 27175 5.45 0.038 1000.1 Positively buoyant
10.5 2775 5.71 0.067 1002.2 Positively buoyant
10.5 2717.5 6.00 0.116 1005.2 Neutral

10.5 2775 6.30 0.169 1008.2 Negatively buoyant
10.5 277.5 6.60 0.208 1010.2 Negatively buoyant
11.8 277.85 2.99 0.049 1000.8 Positively buoyant
11.8 277.85 3.13 0.067 1002.8 Positively buoyant
11.8 277.85 3.29 0.098 1005.8 Critical

11.8 277.85 345 0.130 1008.8 Negatively buoyant
11.8 277.85 3.61 0.154 1010.9 Negatively buoyant
13.2 278.2 4.32 0.012 1001.5 Positively buoyant
13.2 278.2 4.52 0.037 1003.5 Positively buoyant
13.2 278.2 4.75 0.079 1006.5 Critical

13.2 278.2 4.99 0.124 1009.5 Negatively buoyant
13.2 278.2 5.23 0.157 1011.5 Negatively buoyant
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Figure 11. Variation of global reaction rate coefficient with
amount of CO, converted for freshwater experiments.

number is depicted in Fig. 12 for both freshwater and
saltwater (3.5% NaCl) injections. An increase in
Reynolds number produces an increase in the value of
the global rate coefficient K,. The global rate coefficient
is a function of a mass transfer coefficient (kyt) and a
reaction rate coefficient (k;), as shown in Eq. (6). As
the increasing of the Reynolds number implies greater
mixing and mass transfer, results in Fig. 12 suggest
that our reactor is operating under mass transport-
controlled conditions (k, > kyt). Therefore, an increase
in the mass transfer rate through the hydrate layer can be
expected as the Reynolds number increases.

Mass transfer through the hydrate layer occurs
mostly through pores of different sizes (Fig. 3). This
process is very complex and depends on several non-
measurable parameters.'*! A possible explanation is
that the assumption of equilibrium conditions at the
CO,—hydrate interface is not realistic. In this case, the
CO, concentration at the interface (Cy,) will be below
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Figure 12. Variation of global reaction rate coefficient with
Reynolds number for saltwater and freshwater.
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the equilibrium value and its real value would be deter-
mined by the dynamic conditions inside the reactor.

If we assume that the global reaction rate is con-
trolled by the mass transfer step, we can use Eq. (3) to
calculate the mass transfer coefficient (kyr). Figure 13
shows that the mass transfer coefficient increases linearly
with the Reynolds number within the range studied.

Unfortunately, neither the mass transfer coefficient
through the hydrate layer (kyt) nor the specific reaction
rate coefficient (k) can be determined independently in a
reliable way. Ogasawara et al."'! reported mass transfer
coefficient values with and without hydrate layer for dis-
solution of individual CO, drops moving at their terminal
velocities. The authors measured mass transfer coeffi-
cient values in the presence of a hydrate layer (kyr),
and found them to vary around 10”®msec™'. Because
of the differences between experiments of Ogasawara
et al.'"> and our own investigations, only a limited com-
parison between Ogasawara’s results and the ones calcu-
lated in this work was attempted. The calculated values
using Eq. (6) are approximately an order of magnitude
smaller than those reported by Ogasawara et al.l'!
(Fig. 13). The comparison is not unfavorable, consider-
ing the uncertainties in the literature results and the
error associated with our experiments. The presence of
a “swarm” of drops,[gl instead of a single one, should
also contribute to the lower values for mass transfer
coefficients calculated in this work.

Caution should be exercised in making assumptions
based on the kinetic information reported here. The range
of Reynolds numbers studied is too narrow, and the
experimental data showed significant spread. However,
our results suggest definite trends. Similar trends were
observed for experimental data for saltwater (Fig. 12).
The density difference between saltwater and freshwater
requires higher conversion values to produce negatively
buoyant hydrate. The slope of the global reaction coeffi-
cient (Ky) vs. total Reynolds number appears to be
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Figure 13. Estimated mass transfer coefficient values for
freshwater experiments as a function of Reynolds number.
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steeper for the experimental saltwater data than that for
the fresh water. The differences between the two sets
of data are greater at high flows than at low ones. This
behavior suggests the presence of an ionic effect on the
value of the reaction rate coefficient. However, in our
opinion, the lack of true kinetic values precludes a
thorough analysis of these experimental results, and the
observed trends are presented without any attempt to
draw unsupported conclusions.

CONCLUSIONS

A simple model was developed to predict the
minimum CO, conversion necessary to produce nega-
tively buoyant hydrate (i.e., the critical conversion
point) for a given ambient water medium at a given
pressure and temperature. The minimum CO, conversion
decreases as the disposal depth increases, and higher CO,
conversion increases the density of the hydrate compo-
site. The values for both minimum conversion and
disposal depth are very sensitive to density changes.
Laboratory operating conditions determined using fresh-
water can be very different from the same conditions
determined using saltwater. At the critical conversion
point, the minimum CO, conversion does not depend
upon feed ratios of water and CO,. However, above
and below the critical point, density ratios are strongly
dependent upon feed ratios. Multiple feed ratios of CO,
to water produce sinking hydrate for fixed temperature
and pressure values. A model including a mass transport
step through the hydrate layer and reaction on the water-
side of the interface can be used to study the reactor
performance. The hydrate layer can be represented as a
porous material with the pores filled with water. The
experimental data suggest that near critical conversion
points, the process is mass transport limited, indicating
that better mixing conditions may lead to higher conver-
sion. The difference between the global reaction rate
coefficient values (K ) for experiments in freshwater
and simulated saltwater suggests an ionic effect on the
mass transport rate.

NOMENCLATURE
A mass transfer area (mz)
Co pure liquid CO, concentration (mol L™ ")
Cy, CO, concentration in hydrate pore (mol L")
Ch, CO, concentration on the water-side
(molL™1)
F; molar flow in/out of the reactor of

component i (molsec™ b

CO
com
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molar flow (mol secfl)

mass transfer coefficient (m secfl)

reaction rate coefficient (msec ')
CO,/water equilibrium constant

global reaction rate coefficient (m_2 sec_l)
molecular weight of component i (gmol ")
the hydrate number

pressure (m~ ' kg sec™?)

volume flow rate of component i (m>sec™ )
density of component i (kgm ™)
temperature (K)

input water/CO, volume flow ratio
(Qw/Qco))

reactor volume (m>)

conversion

Subscripts

CO,
composite
hydrate
water
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