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Abstract

Carbon dioxide dissolution at intermediate ocean depths was studied using physical and mass transfer
models. Particle density and hydrate layer thickness were determined using existing field data. Pseudo-
homogeneous and heterogeneous mass transfer models were proposed to study the dissolution process.
Pseudo-homogeneous models do not seem to represent the dissolution process well. Although heteroge-
neous models interpret the physical behavior better, unresolved issues related to hydrate dissolution still
remain. For example, solid hydrate forms on one side of the hydrate film while it dissolves on the other.
Dissolution is a complex process that comprises at least two sequential steps. The global process is con-
trolled by mass transfer inside the hydrate layer or by a dissolution reaction at the hydrate–water interface.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: CO2 hydrate; Mass transfer; Ocean carbon sequestration; Hydrate dissolution
0196-8904/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.enconman.2005.05.016

* Corresponding author. Tel.: +1 865 241 3246; fax: +1 865 241 4829.
E-mail address: tsourisc@ornl.gov (C. Tsouris).

mailto:tsourisc@ornl.gov


Nomenclature

A wetted surface parallel to flow
Ap mass transfer area
CD friction drag coefficient given by Eq. (4)
CH1

CO2 concentration on CO2 side
CH2

concentration on water side
Cs CO2 equilibrium solubility concentration
C1 CO2 concentration in water phase bulk
D diffusivity
dp particle diameter
Jc molar flow
kD dissolution mass transfer coefficient
kH mass transfer coefficient through hydrate layer
kr formation reaction rate coefficient
krd dissolution reaction rate coefficient
kT global dissolution rate constant
MWi molecular weight of component i
np number of moles
P pressure
Re Reynolds number, given by Eq. (6)
s parameter defined in Eq. (18)
Sc Schmidt number, given by Eq. (22)
Sh Sherwood number, given by Eq. (21)
t time
T temperature
v particle velocity

Greek symbols
e hydrate layer thickness
li dynamic viscosity of component i
m kinematic viscosity of environmental water
qi density of component i

Subscripts
H hydrate
p particle
w water
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1. Introduction

The disposal of fossil fuel CO2 in the deep ocean is considered one of the most promising meth-
ods to solve the problem of the greenhouse effect [1,2]. Hence, the behavior and stability of liquid
CO2 after it has been delivered into the ocean are very important. At pressures above 4.45 MPa
and temperatures below 283.4 K, CO2 and water form a solid compound known as clathrate, or
more commonly CO2 hydrate [3]. The stability of these solid compounds is a function of the dis-
posal depth, along with other factors such as temperature and salinity [4]. The behavior of the
solid hydrate will determine the residence time of the CO2 injected into the sea. While short
residence times will return the CO2 to the atmosphere, very high rates of dissolution of the solid
hydrates into seawater will threaten the marine environment through an unacceptable decrease in
the ocean�s pH [5].

One of the proposed disposal scenarios is the release of liquid CO2 at intermediate depths (500–
1200 m) using floating platforms [6]. Hydrodynamic instability will induce breakup of the pure
CO2 effluent into liquid droplets. Under the right conditions, these droplets will be covered with
a solid hydrate layer. Solid hydrate is known to slow down the dissolution of droplets in seawater
[7,8]. Therefore, an understanding of the dissolution process of CO2 covered droplets is essential
for accurate prediction of environmental impact.

Recently, Brewer et al. [9] measured the rates of rise and dissolution of freely released CO2

droplets in the open ocean. The objective of this research is to study the dissolution process of
hydrate covered CO2 droplets using simple models prepared to interpret the experimental data
of Brewer et al. [9].
2. Mechanistic model development

A brief description of the experiments of Brewer et al. [9] is given here. Brewer and his cowork-
ers released a small amount of liquid CO2 at 800 m open ocean depth and 4.4 �C. The rising drop-
let stream was imaged using a high definition television camera transported on a remotely
operated vehicle. The particles were released inside a simple imaging box, which had a transparent
face to the camera and was open to the ocean at the top and bottom. The researchers tracked one
particle from a given initial time (t0). At time t, a second particle appeared in their visual range.
They were then able to record the dissolution of the two particles. Their experimental results in-
volved measurements of velocity, particle diameter and physical properties of seawater from
depths of 800 m to less than 400 m [9].

In order to interpret their field data, we proposed the following assumptions:

1. Spherical shaped particles have constant particle diameter (dp).
2. Particles are covered with a uniform hydrate layer of thickness (e).
3. Particles move at constant terminal velocity (force equilibrium).
4. Particles behave as solid spheres.
5. Particle motion is described by force balance.



Fig. 1. Ideal CO2 droplet covered with a hydrate film.
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A representation of this ideal particle is shown in Fig. 1. A force balance on a particle similar to
the one depicted in Fig. 1 yields
X
forces ¼ 0 ð1Þ
or
Drag force ¼ Buoyancy�Weight; ð2Þ

where
Drag force ¼ CDqwv
2A=2. ð3Þ
In Eq. (3), A is the wetted surface parallel to the flow, qw is the seawater density, v is the relative
velocity between the particle and the seawater flow and CD is the friction drag coefficient given by
Tek and Wilkes [10]
CD ¼ 18.5=Re0.6 ð4Þ

in the interval 2 < Re < 2000. ð5Þ

Re is the Reynolds number calculated from
Re ¼ vdpq=l. ð6Þ

Here, dp is the particle diameter and l is the seawater viscosity.

A combination of Eqs. (2)–(4) yields
qp ¼ qw þ ið3CDqwv
2Þ=ð4dpgÞ; ð7Þ
where i takes the value +1 for a sinking particle and �1 for a floating one.
The hydrate layer thickness (e) can be calculated from the aforementioned geometrical assump-

tions as
e ¼ ðqp � qCO2
Þdp=ð6qHÞ; ð8Þ
where qp, qCO2
and qH are the hydrate covered particle, liquid CO2 and solid hydrate densities,

respectively. Eq. (8) was derived assuming that
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rp � e or dp þ 2e � dp. ð9Þ

This assumption will be tested once e is calculated from the experimental data. Combination of
Eqs. (2)–(9) allows one to calculate from field measurements of particle size (dp) and particle
velocity (v), the particle density (qp) and hydrate layer thickness (e) for the particles released in
the ocean by Brewer et al. [9].
3. Dissolution model development

In order to understand the CO2 dissolution process, several models are presented. The proce-
dure followed is the same for all the models: a model is presented, and the equations describing the
model are written. Model parameters are calculated using the field and/or physical model calcu-
lated data, and a model assessment is performed based upon the calculated values of the
parameters.

Starting with a simple pseudo-homogeneous model, we assume that each particle is a homoge-
neous material whose properties are a combination of liquid CO2 and solid hydrate properties. A
schematic of this model is shown in Fig. 2, including the relevant CO2 concentrations. Dissolution
of the solid material controlled by mass transfer into the seawater leads to
onp=ot ¼ �kDðCs � C1ÞAp ð10Þ

or
odp=ot ¼ �2kDMWpðCs � C1Þ=qp; ð11Þ
where np is the number of moles of the pseudo-homogeneous material; kD is a mass transfer dis-
solution coefficient; Cs is the equilibrium solubility of CO2 in the environmental water; C1 is the
CO2 solubility in the bulk of the environmental water and Ap, MWp and qp are the external area,
molecular weight and density of the particle, respectively.
Fig. 2. Representation of the pseudo-homogeneous model.
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The second model presented here is a heterogeneous model based upon the work presented by
Mori and Mochizuki [8]. The model is represented by a solid hydrate layer (in contact with a li-
quid CO2 phase and a liquid seawater phase). The authors propose that CO2 hydrate is formed on
the left side of the hydrate layer (in contact with liquid CO2), while it is dissolved on the right side
(in contact with water). The justification for these assumptions is the finding that the hydrate layer
never completely disappears; therefore, simultaneous formation and dissolution processes should
be occurring. Because the dissolution process takes place at the water–hydrate interface, the for-
mation process should take place at the other interface. The complexity of hydrate crystal forma-
tion and dissolution makes it highly unlikely that simultaneous formation and dissolution occur
on the same side [8]. The hydrate layer is assumed to be impermeable to water and/or CO2 flow at
this point. This assumption means that mass flow through the hydrate layer can proceed only by
diffusion inside the void space in between the different hydrate crystals. A mass transfer balance
yields two equations: one for the liquid CO2 phase and another for the solid hydrate phase. A
schematic depicting the model and the different relevant concentrations is shown in Fig. 3. The
mass balance equations are given by
CO2 phase:
onCO2
=ot ¼ �krCsAp ð12Þ
or
odp=ot ¼ �2krMWCO2
Cs=qCO2

. ð13Þ
Hydrate phase:
onH=ot ¼ ½krCs � kTðCH2
� C1Þ
Ap ð14Þ
or
oe=ot þ 2e=dpodp=ot ¼ ½krCs � kTðCH2
� C1Þ
MWH=qH; ð15Þ
where nCO2
and nH are the number of moles for the CO2 and hydrate, respectively; e is the thick-

ness of the hydrate layer; kr is the specific reaction rate coefficient for hydrate formation; kT is the
dissolution rate mass transfer coefficient; CH2

is the CO2 concentration on the right side of the
Fig. 3. Representation of heterogeneous model assuming impermeable hydrate layer.
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hydrate layer; and MWH and qH are the molecular weight and density, respectively, of the hydrate
layer.

It is an established fact that the hydrate layer forms inside the water side of the liquid CO2–
water interface [11,12]. Therefore, an explanation is needed for the apparent absence of water
on the inner side (see Fig. 1) of the hydrate layer. One of the possibilities is intercrystalline-grain
water diffusion from the water phase through the hydrate layer. Once the water molecules reach
the left side of the hydrate layer, they can be available to react with CO2 molecules and grow more
hydrate. Whether sufficient quantities of water can reach the interface by this mechanism to pro-
duce new solid hydrate has yet to be determined.

Mori and Mochizuki [8] proposed that the hydrate layer is not actually impermeable but be-
haves as a permeable layer. It is assumed that the hydrate film is uniform in thickness and that
microperforations are evenly distributed over its full surface. Tortuous capillaries having uniform
diameter and length can approximate these microperforations. As a result of the hydrophilic con-
dition of the hydrate phase, capillary forces will fill the capillaries with water. The water that fills
the capillaries is saturated with the guest species. Neither formation nor dissociation of the hy-
drate occurs inside any capillary except for the immediate vicinity of the ends. Fig. 4 depicts a
schematic of this model. Mori and Mochizuki [8] find it difficult to support the fact that no hy-
drate formation/dissolution occurs within the capillaries, and therefore, the capillaries are not
‘‘clogged’’ by the hydrate clusters forming at the CO2–water interface. In his review of hydrate
film formation and metabolic self preservation models, Mori [13] also recognized that the internal
texture of polycrystalline hydrate films would be more complex than when they are modeled as
regularly perforated plates. Both obstruction of some existing perforations and formation of
new ones should occur over the film in order to maintain water flow towards the liquid CO2 phase.
Unfortunately, the Mori and Mochizuki [8] model also introduces several parameters (e.g., tortu-
Fig. 4. Schematic of Mori and Mochizuki [8] permeable capillary model.
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osity, void fraction, diameter and contact angle between the CO2 rich phase and the water rich
phase) that make quantitative parameter estimation impossible.

Dissolution on the right side of the hydrate layer can proceed by a single layer model in which
all the mass transfer resistance is located inside a water side thin film at the hydrate–water inter-
face, or a more complex mass transfer process can be proposed. For example, a two step sequen-
tial mass transport mechanism can be proposed: one step involving mass transport through the
hydrate layer and the other step involving mass transport across the water thin layer. Ogasawara
et al. [14] used this model to describe dissolution of forcibly held droplets subjected to different
seawater flow rates. Assuming that this two step model is valid, we have
J ¼ kHðCH1
� CH2

ÞAp ¼ kDðCs � C1ÞAp ¼ kTðCH1
� C1ÞAp; ð16Þ
where J is the molar CO2 flow; kH is a mass transfer coefficient accounting for the resistance
through the hydrate layer; and CH1

and CH2
are the CO2 concentrations in the liquid CO2–hydrate

and hydrate–water interfaces, respectively, calculated from Ogasawara et al. [14].
This process is sequential; therefore, the global mass transfer coefficient can be written as a

combination of the individual mass transfer coefficients
kT ¼ skHkD=ðkH þ skDÞ. ð17Þ
Here, s is a parameter derived from the assumption [14] that a simple relationship exists between
the CO2 concentration inside the hydrate layer and the CO2 solubility in the water at equilibrium
with the hydrate layer, or
Cs ¼ CH2
s ð18Þ
Eqs. (17) and (18) can be used to estimate kH.
A variation of this model was proposed by Shindo et al. [15]. In this variation, instead of a mass

transport process through the hydrate layer, the authors proposed a dissolution reaction at the
hydrate–water interface followed by single layer mass transfer resistance on the water side. Eq.
(17) becomes
kT ¼ krdkD=ðkrd þ kDÞ; ð19Þ

where krd is the dissolution reaction rate constant at the hydrate–water interface.

It is also not clear what values should be used for calculation of Cs. A first approximation is to
use liquid CO2 equilibrium dissolution values that are a function solely of ambient pressure and
temperature. Hirai et al. [16] proposed that the real value to be used (Co) is actually different from
the equilibrium solubility of the liquid CO2. The authors also estimated this value to be approxi-
mately one half of the equilibrium solubility. The authors speculated that if the hydrate layer
were permeable and crossed by water filled capillaries, the CO2 concentration inside the capillaries
would be different from the concentration in the environmental water in contact with solid
hydrate. Mori and Mochizuki [18] concluded that the actual CO2 solubility in the presence of a
hydrate layer is different from that in the absence of a hydrate layer. The authors used experimental
data by Kimuro et al. [17] and Aya et al. [18] to show that the value of the CO2 equilibrium
solubility concentration when hydrate is present is different from the equivalent value when
hydrate is not present. The authors summarized the nature of the solubility in the hydrate forming
region (i.e. temperature lower than the temperature for hydrate formation (TH)) as follows. The
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solubility at a given (P,T) condition has two possible values: the higher value is obtained in the
metastable regime in the absence of any hydrate phase in the liquid CO2–water system, while the
lower value is obtained at the same conditions but in the presence of a hydrate phase. The meta-
stable solubility increases as the temperature decreases, while the solubility in the presence of hy-
drate decreases, thereby expanding the difference between the two sets of values.

The metastable curve is obtained by extrapolating the solubility–temperature relationship in the
range T > TH, while the ‘‘hydrate-present’’ curve can be estimated by using the method proposed
by Holder and Warzinski [19]. The authors recommended using solubility data in the absence of
hydrate [20] combined with the hydrate temperature-forming curve as a function of pressure,
TH(P), to estimate the solubility in the presence of hydrate. In this work, the CO2 solubility
was estimated from the experimental data provided by Aya et al. [18].

Eqs. (17)–(19) can be used to calculate the mass transfer coefficient through the hydrate layer
(kH) from the values of kT and kD. Several correlations have been proposed to calculate kD values.
For convenience, the following correlation, taken from Hirai et al. [16], was used in this work
Sh ¼ 2þ 0.6Re0.5Sc0.333; ð20Þ

where Sh and Sc are dimensionless numbers given by
Sh ¼ kidp=D; ð21Þ

and
Sc ¼ m=D; ð22Þ

where ki is a mass transfer coefficient, D is the diffusivity of CO2 in the environmental water and m
is the kinematic viscosity of the environmental seawater.
4. Results and discussion

Calculations using the field data reported by Brewer et al. [9] are represented in Figs. 5–7. Fig. 5
shows that the particle diameter changes linearly with time. The field data for the two particles
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Fig. 5. Variation in particle diameter with time. Data plotted using field data of Brewer et al. [9].
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Fig. 6. Hydrate-layer thickness as a function of time for both CO2 droplets. Data plotted using field data of Brewer
et al. [9].
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Fig. 7. Variation in particle density with time, plotted using field data of Brewer et al. [9].
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reported by Brewer et al. [9] can be correlated using a single straight line. Fig. 5 also suggests that
the dissolution behavior of both particles is the same.

Fig. 6 depicts the change in hydrate layer thickness as time increases calculated according to Eq.
(8). The hydrate layer thickness decreases linearly with time. The shrinkage of the hydrate layer
for both particles can also be represented by a single straight line.

In our calculations, the final field data corresponding to both particles yielded a negative value
for hydrate thickness. This finding shows that for very small particles, the model described by Eqs.
(2)–(9) is not valid. The proposed model assumes a continuous decrease in the value of the hydrate
layer thickness value. Therefore, at sufficiently long periods of time, the hydrate layer should dis-
appear (e = 0). However, this behavior has not been observed in experiments in which dissolution
rate measurements proved that a hydrate layer is always present [8]. Based upon information
available in the literature [21], a constant hydrate layer thickness of 10 lm was adopted when
our calculated values fell below zero.
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Fig. 7 shows the calculated particle density values (qp) for both carbon dioxide particles. The
results shown in Figs. 5–7 prove that the dissolution behavior for both particles is very similar.
All calculations done during this research project showed essentially no difference in the results
calculated for the two particles.

In order to study the dissolution process, we used the measured and/or calculated data pre-
sented in Figs. 5–7 to determine the parameters of the different mass transfer models. In the case
of the pseudo-homogeneous model, the calculated parameter was the material dissolution coeffi-
cient, kD. Fig. 8 shows the variation of the dissolution coefficient with Reynolds number.
Although the dissolution coefficient increases continuously as Reynolds number increases, the rate
of increase decreases. Fig. 8 also shows values of the dissolution coefficient for the first particle
calculated from Eq. (20). These results show disagreement between the mass transfer coefficients
calculated using the pseudo-homogeneous model and Eq. (20). Fig. 9 plots the variation in the
dimensionless mass transfer coefficient (Sh) vs. Reynolds number. Mass transfer results for the
first particle calculated using Eq. (20) are also plotted in the figure. In both cases, the Sherwood
number (Sh) increases linearly with Reynolds number within the range studied. Although the two
sets of results differed by almost an order of magnitude, the slopes are almost the same. The mass
transfer coefficients calculated using the model are based on values for liquid CO2 equilibrium
kD [Eq. (20)]
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solubility. Smaller CO2 concentrations will produce larger mass transfer coefficients in the model,
thus decreasing the discrepancy between the two sets of data.

In conclusion, we can say that the pseudo-homogeneous model does not appear to predict cor-
rectly the expected variation of the mass transfer coefficient with Reynolds number. Our results
also suggest that the use of equilibrium solubility data without hydrate present leads to underes-
timation of the value of the mass transfer coefficient.

Values of the different parameters corresponding to the heterogeneous model are shown in
Fig. 10. The model predicts constant values for the specific reaction rate constant on the left side
of the CO2–hydrate interface. It can be seen that a global dissolution rate coefficient (kT) decreases
slowly as time increases. The model assumes a two step sequential mass transfer process in which
the global dissolution rate coefficient (kT) is given by Eq. (17). The hydrate layer mass transfer
coefficient (kH) was calculated using the global dissolution rate coefficient (kT) predicted by the
model and the water layer mass transfer coefficient (kD) predicted by Eq. (20). Fig. 10 shows that
the global process rate is controlled by the value of the mass transfer coefficient inside the hydrate
layer (kH). Similar results (with even better agreement) were obtained by calculating the dissolu-
tion reaction rate coefficient (krd) proposed by Shindo et al. [15]. Therefore, we can conclude that
dissolution is a complex process controlled by mass transport or by a dissolution chemical reac-
tion on the hydrate layer. Similar conclusions were drawn by Shindo et al. [15].

In order to shed light on the nature of the controlling step, we plotted (in Fig. 11) the value of
the mass transfer coefficient inside the hydrate layer (kH) vs. the Reynolds number. Our results
indicate that an increase occurs in the value of the mass transfer coefficient inside the hydrate layer
(kH) as the Reynolds number increases. Similar results were reported by Ogasawara et al. [14] in
their study of the dissolution of stationary hydrate covered CO2 droplets. It can be proposed that
mass transfer through the hydrate layer is driven by diffusion through grain boundaries in the
polycrystalline hydrate. In this case, the value of the mass transfer coefficient inside the hydrate
layer (kH) is given by
kH ¼ D=e; ð23Þ

where D is the diffusivity of CO2 in the hydrate layer.
kD Eq. (20)
kH Eq. (17)
kT model
kr model
krd Eq. (19)
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Fig. 10. Heterogeneous model parameter values as a function of time.
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Eq. (23) can be used to calculate the effective diffusivity through the hydrate layer. Normally,
effective diffusivities are approximately constant after the effect of changing layer thickness (e) has
been taken into account [4]. The calculated values plotted in Fig. 12 show a clear dependence of
the effective diffusivity on Reynolds number. This finding suggests that an effect exists that is not
taken into account in the proposed model. The model assumes that the CO2 solubility in the envi-
ronmental water is the equilibrium solubility in the presence of hydrate [8]. Therefore, the solu-
bility at a given temperature and pressure should be independent of the Reynolds number,
which is clearly not the case. A possible explanation is that the system does not reach the solubility
equilibrium value at the hydrate–water interface. As a result, the actual CO2 concentration in the
environmental water is lower than the equilibrium value and dependent on kinetic effects repre-
sented by the Reynolds number. A possible explanation could be mass transfer limitations on
the right hand end of the capillaries (see Fig. 4). Unfortunately, we can only speculate about this
effect.
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5. Conclusions

A simple mechanistic model predicts the density and hydrate layer thickness values for hydrate
covered particles released in the sea. The droplet diameter and hydrate layer thickness decrease
linearly with time. The value for the hydrate layer thickness decreases constantly when exposed
to unsaturated environmental seawater. Although this simple model predicts ultimate disappear-
ance of the hydrate layer, this prediction is opposed to the experimental information. A correction
was suggested to account for the finding that the hydrate film did not disappear.

Pseudo-homogeneous models do not explain well the dissolution process. A heterogeneous
model in which solid hydrate is constantly formed on the liquid CO2–hydrate interface and solid
hydrate is dissolved on the hydrate–water side seems to explain more precisely the dissolution
behavior of the droplets. Solid hydrate formation at the liquid CO2–hydrate interface can be ex-
plained by assuming either inter-crystalline water diffusion through an impermeable layer or the
presence of a permeable hydrate layer. In the permeable model, as a result of the hydrophilic char-
acteristics of the hydrate film, capillary forces filled the capillaries with water. The dissolution of
the hydrate layer is a complex process that consists of at least two sequential mass transport steps.
The process is controlled either by mass transfer through the hydrate layer or by a dissociation
reaction at the hydrate–water interface. The controlling step is not a simple diffusive inter-crystal-
line process. It is dependent upon the flow condition outside the hydrate layer. This finding sug-
gests the presence of non-equilibrium conditions at the hydrate–water interface.
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