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ABSTRACT

Using two-fluid LES technology, a numerical model is developed to simulate double-plume formation
under conditions relevant to CO2 ocean sequestration applications. A small-scale ocean turbulent flow
is created and maintained by a forced-dissipative mechanism and LES. Data on ocean currents, temper-
ature and salinity were employed by the model as inlet boundary and initial conditions, respectively.
A set of empirical formulae, calibrated with laboratory experimental data, was developed to describe
momentum, mass and heat transfer phenomena. Using this model, the influence of the initial diameter
of CO2 droplets released in the deep ocean and thermal effects on the structure of two plumes were
investigated. The height of the CO2 droplet plume and the local minimum pH within the CO2-enriched
seawater plume were found to be very sensitive to the initial diameter of injected CO2 droplets. Plume
height and pH are two key parameters to assess CO2 sequestration efficiency and related biologi-
cal impacts. Thermal effects associated with CO2 dissolution appeared to have limited influence on
CO2-enriched seawater plume structure and pH, but can significantly affect the LCO2 plume and the
temperature field near the CO2 injection nozzle.

1. Introduction

Two-fluid plumes that develop from the continu-
ous release of one fluid into another and which are
driven by buoyancy in density-stratified environments
are widely encountered in chemical engineering, deep-
sea blowouts of oil or natural gas and in CO2 ocean
sequestration. The last example is an application that
has become a topic of interest to environmental scien-
tists during the last decade. CO2 ocean sequestration
is being considered to mitigate rising CO2 concentra-
tions in the atmosphere. LCO2 (liquid carbon dioxide)
separated from fossil-fuel power-plant exhaust gases
can be injected directly into the ocean at depth of
about 1000 m (Adams et al., 1997). The buoyant LCO2
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droplets rise and dissolve into surround seawater, re-
leasing heat of solution. The resulting fluid parcels of
CO2-enriched seawater are negatively buoyant. Cou-
pled with the ocean current, droplets interact with pure
seawater and with CO2-enriched seawater to form a
separated double plume. Besides the fundamental in-
terest in the physics and chemistry of this flow, studies
are required to address a number of practical issues,
including how to prevent CO2 released in the deep
ocean from returning to the atmosphere, and how to
limit biological impacts. Important insight into those
issues is provided by the plume height, which must
not intrude into the ocean mixing layer, and by the pH
distribution.

To assess the potential of and to develop the technol-
ogy for CO2 ocean sequestration, field studies are de-
sirable. However, such experiments are complicated,
expensive, and somewhat risky without some prior un-
derstanding of the behavior of the plumes formed.
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Numerical simulations based on a reasonable model
should therefore be conducted in advance of a field
experiment.

Development of a viable numerical model of a
CO2 injection plume in the ocean requires understand-
ing of the fundamental dynamics of two-fluid/phase
plumes. Such plumes have had been investigated both
by laboratory experiments (Socolofsky et al., 2000;
Asaeda and Imberger, 1993) and by theoretical anal-
yses (McDougall, 1978). Behavior such as plume
separation and peeling has been observed both in strat-
ified and non-stratified environments. Phenomenolog-
ical flux models have been developed (McDougall,
1978; Liro et al., 1992) that describe overall geome-
tries and key plume parameters, but not the detailed
structure of the plume. Alternatively, computational
fluid dynamic (CFD) models are being developed
(Alendal et al., 1998; Sato and Hama, 2000; Chen et al.,
2000) based on two-fluid flow theory and large eddy
simulation (LES) technology that provide detailed in-
formation on the dynamics and properties of the double
plume. These models solve the Navier–Stokes equa-
tions for dispersed phase LCO2 droplets, interacting
with continuous-phase ocean water. The CFD models
simulate small-scale ocean turbulent flow (ocean do-
main of several kilometres over times of the order of
hours) (Chen et al., 2000) and momentum, mass and
energy transfers between LCO2 droplets and seawater.

In this study, we first extend the model developed
by Chen et al. (2000). Recent experimental data are
used to refine values of CO2 droplet drag coefficient,
CO2 solution density, effective Sherwood number and
CO2 solubility in seawater with and without hydrate
formation. The model is then used to predict plume be-
havior during an international field experiment of CO2

ocean sequestration that is scheduled to be conducted
in mid-2002. These numerical simulation results are
discussed and summarized.

2. Two-fluid model and fluids exchange
sub-models

2.1. Two-fluid model

Since processes occurring near to the CO2 release
point are of primary interest, the computational do-
main is set up with a space scale of 0 (1.0 km) in
both the horizontal and vertical directions. The verti-
cal coordinate is centered at the ocean bottom. LCO2

droplets are released at a height of H from the ocean

bottom. This smaller-scale ocean flow field can be re-
garded as a horizontal-quasi-homogeneous and verti-
cally stratified turbulent flow. It is well suited for appli-
cation of the Large-Eddy Simulation method, where
the cut-off scale falls within the dissipation wavelength
(Woods, 1985; Ledwell et al., 1998).

Assuming a forced-dissipative mechanism of small-
scale ocean turbulence (Ledwell et al., 1998) and
applying Schumann’s filtering technique (Schumann,
1985), the governing equations (for mass, momentum
and scalars) for the seawater can be written as:

∂ρ

∂t
+ ∂ρûi

∂xi
= ẇdco (1)

∂ρûi

∂t
+ ∂ρûi û j

∂x j
= − ∂ p̂

∂xi
+ ∂ρτ̂i j

∂x j
+ (ρ − ρo)gi

+ Ft Fδi j + (Ḟdco) (2)

∂ρϕ̂

∂t
+ ∂ρϕ̂û j

∂x j
= ∂

∂x j

(
ρDϕ

∂ϕ̂

∂x j

)
+ ∂ρq̂ϕ

∂x j
+ Ṡϕ

(3)

in which resolved variables, (∧), include the velocity
vector, ûi ; dynamic pressure, p̂, defined by the hydro-
static pressure and initial density, ρ0; and scalars, ϕ̂,
including temperature, salinity and mass fraction of
dissolved CO2. The scalar variables are used to cal-
culate pure seawater density, ρs, using the equation of
state for seawater (Unesco, 1981), and CO2–seawater
solution density, ρw, using an empirical equation de-
termined from laser interferometer experiments by the
authors (Song et al., 2001):

ρw = ρs(1.0 + 0.275χ ) (4)

here χ is the CO2 mass fraction in CO2-enriched sea-
water. ρ = (1.0 − α)ρw, where α is the void fraction
of LCO2 droplets that is defined below. Expressions
for source terms arising from interactions between the
two fluids [i.e. the last terms on the RHS of eqs. (1)–
(3)], will be provided in the next section.

The above system is forced at lower-frequency
mode across a narrow wavenumber band, in two di-
mensions, in horizontal momentum equations for sea-
water by a turbulent force, FtF, when δ11 = δ22 = 1.
This turbulent force is generated and controlled by
Markovian processes and expressed as:

FtF(t) = sign(Rnd − 0.5)(1 − β2)1/2u′
0ξ (z)e(−6K 2

c )

+ βFt F (t − �t) (5)
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where β is a forcing time scale and Rnd a random
number from 0 to 1. The lower-frequency mode pa-
rameter, Kc, is determined by Kc ≤ 0.06|Rnd − 0.5|.
The r.m.s. velocity, u′

0, is a forcing intensity variable
and ξ (z) is a non-dimensional mean velocity distribu-
tion function in the vertical direction that is determined
by experiment data.

The turbulent dissipation and transport terms, τ̂i j

and q̂ϕ , in sub-grid scale are estimated by means of
a structure function model (Lesieur, 1996) indepen-
dently in the horizontal and vertical directions. A de-
tailed discussion of small-scale turbulent simulation
can be found in (Chen et al., 2000).

Since the simulation must account for a large quan-
tity of LCO2 being injected continuously, an Eulerian–
Eulerian two-fluid frame (Sirignano, 1986) is adopted
to describe the dynamics of the LCO2 plume under the
memory limitations of present-generation computers.
As a quasi-fluid, the continuum equation for LCO2

droplets is decomposed into two equations for droplet
void fraction, α, and number density, f, in order to
estimate diameter shrinkage resulting from droplet
dissolution. For simplicity, we assume droplet coales-
cence, secondary break-up and collisions have negli-
gible effect on the number density function, f, when a
hydrate film covers the droplets. The governing equa-
tions of the LCO2 fluid can then be derived that satisfy
the LES concept of cut-off fitting:

∂ f̂

∂t
+ ∂ f̂ ûd j

∂x j
= 0 (6)

∂α̂

∂t
+ ∂α̂ûd j

∂x j
= −ẇdco/ρd (7)

∂ρdûdi

∂t
+ ∂ρdûdi ûd j

∂x j
= ∂ρdτ̂di j

∂x j

+ α̂(ρd − ρw)gi − (Ḟdco)i (8)

where the subscript “d” denotes LCO2 droplet and
ρd = α̂ρd, where the droplet density is a constant. The
turbulent transport terms for this quasi-fluid are closed
by a sub-grid scale (SGS) model (Ferziger, 1993)
based on the droplet field. The cross-coupling between
the ocean turbulent flow and droplets is represented
by the exchange source terms, which are introduced
below.

2.2. Fluid exchange terms

LCO2 droplets might be modeled using empirical
formulations that can be found in the technical lit-

erature (e.g. Clift et al., 1978). It has been observed
(Ozaki, 1999), however, that a hydrate film on the sur-
face of LCO2 droplet can lead to behavior that deviates
from that of liquid-only droplets. To account for this, a
new set of sub-models for mass, momentum and heat
transfer between LCO2 droplets and seawater was de-
veloped. The fundamental assumption, based on ex-
perimental observations (as shown in Fig. 1), is that a
CO2 droplet, under conditions where a hydrate film can
form, must be regarded as a rigid irregular-ellipse par-
ticle with permeable and immersable surface. The rigid
irregular ellipse is the description of droplet geome-
try, and the permeable and immerseable surface allows
mass transfer at the interface between CO2 droplets
and seawater.

For momentum exchange, the source term can be
expressed as:

Ḟdco j = 0.75(π/6)1/3ρdνw α̂2/3 f̂ 1/3Cdd|ûj

− ûd j |(û j − ûd j ) (9)

where νw is the kinematic viscosity of seawater.
Because of deformation, the effective projected area

of a CO2 droplet, Aeff, is larger than that of a sphere,
Aeq, with the same volume. This larger projected area
enhances the drag force on the droplet. The effective
drag coefficient, Cdd, is then defined as a function of
Reynolds number, Re, and is modified by taking the
deformation [the ratio of projected areas (Aeff/Aeq)p]
into account:

Cdd = 24(1.0 + 0.125Re0.72)(Aeff/Aeq)p Re−1 (10)

(Aeff/Aeq)p = 1.0 + Re(5.6419 − 8.3484 × 10−3 Re

+ 1.4596 × 10−5 Re2) × 10−4 (11)

where Re is calculated using slip velocity, droplet
equivalent diameter and the kinematic viscosity of sea-
water.

Terminal velocities calculated using eqs. (10) and
(11) are compared with experimental data as shown
in Fig. 2. Calculations agreed well with experimen-
tal data for three different seawater conditions. The
figure also includes terminal velocities calculated us-
ing the rigid-sphere drag coefficient, Cd. Those veloc-
ities are much higher than the data, especially for large
droplets. This implies that LCO2 plume height may be
over predicted if droplet deformation is not considered
in the numerical simulations.
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Fig. 1. Experimental observation of CO2 droplet rising and deformation (Ozaki, 1999): (a) mono-dispersed droplets;
(b) poly-dispersed droplets.

Fig. 2. Comparision on CO2 droplet terminal velocities with
and without deformation, calculation and experimental data
(Ozaki, 1999).

Droplet shrinking, or mass transfer, rate can be cal-
culated by:

ẇdco = π Dcdc(Cs − C)Sheff (12)

where Dc, dc, C, Cs, and Sheff are the CO2 diffusion
coefficient in seawater, droplet diameter, CO2 concen-
tration, CO2 solubility and effective Sherwood num-

ber, respectively. The last two parameters need to be
determined empirically.

From experimental data (Ozaki, 1999; Kimuro et al.,
1994; Stewart and Munjal, 1970), expressions were
found for the effective Sherwood number and CO2

solubility in seawater that were applied to model mass
transfer. By taking the effect of deformation on mass
transfer, the effective Sherwood number is expressed
as:

Sheff = (2 + 0.69Re1/2 Sc1/3)(Aeff/Aeq)tot (13)

(Aeff/Aeq)tot = 1.0 + Re(4.6707 − 1.1871 × 10−2 Re

+ 1.4766 × 10−5 Re2) × 10−4. (14)

In eq. (14), (Aeff/Aeq)tot is the ratio of total effective
droplet area to total area of an equivalent sphere.

CO2 solubility in seawater, χs, as a function of pres-
sure and temperature is estimated from curvefits to
experimental data (Kimuro et al., 1994; Stewart and
Munjal, 1970). As indicated by Aya et al. (1997), CO2

solubility decreases with decreasing temperature in the
hydrate formation regime (temperature lower than the
critical temperature Tf), but increases with decreasing
temperature in the hydrate-free regime. These proper-
ties are modeled separately in this study. For the hy-
drate formation regime, a normalized expression for
CO2 solubility is:
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Table 1. Coefficients Dij in eq. (16) for gas–hydrate
(top) and for liquid–hydrate (bottom)

Gas-hydrate

(P/pr ≤ 1) J = 0 J = 1 J = 2 J = 3

I = 1 −0.047 10 −0.054 90 −0.3103 0.0
I = 2 0.315 20 −1.225 10 0.8483 0.0

Liquid-hydrate

(P/pr > 1) J = 0 J = 1 J = 2 J = 3

I = 1 −0.3245 −0.1747 0.1119 −0.024 10
I = 2 −0.1892 0.2195 −0.1249 0.028 10

χs

χf
= 1.0 +

2∑
i=1

Ci [(Tf − T )/(Tr − Tref)]
i (15)

Ci =
3∑

j=0

Di j p j
k (16)

where Tref = −0.753 × 10−2 p (p in MPa; T in ◦C);
Pk = P/pr; and the coefficients Di j are listed in
Table 1 for gas–hydrate (P/pr ≤ 1, top) and for
liquid–hydrate (P/pr > 1, bottom); respectively.

To distinguish the states between hydrate and liq-
uid/gas, we need to determine the relationship between
CO2 solubility and the critical temperature, Tf, which
itself is a monotropic function of pressure. This critical
solubility can be expressed as:

χf =
3∑

i=0

Bi (Tf/Tr)
i (17)

Tf/Tr = 1.0 +
3∑

i=1

Ai (p/pr − 1.0)
i

(18)

where the coefficients Bi and Ai are listed in Tables 2
and 3 and pr = 4.1983 MPa, Tr = 8.7156 ◦C for
seawater.

Table 2. Coefficients Bi in eq. (17)

B0 B1 B2 B3

P/pr ≤ 1 0.027 887 0.030 608 −0.022 202 0.020 510
P/pr > 1 −60.3323 178.359 −175.634 57.6640

Table 3. Coefficients Ai in eq. (18)

A1 A2 A3

P/pr ≤ 1 0.807 10 −0.890 30 0.0
P/pr > 1 0.030 70 −0.001 03 0.0

Fig. 3. CO2 solubility in seawater, model prediction and ex-
perimental data (Kemori et al., 1994; Steward and Munjal,
1970).

For the hydrate-free case, CO2 solubility can be
computed by:

χs = [0.866 88 + 6.5057Pk

− (0.3068 + 0.1887Pk)(T/Tr)

+ (0.5266 × 10−3 + 0.1600Pk)

×10−2(T/Tr)
2] × 10−1. (19)

CO2 solubility estimated from the sub-models de-
veloped in this study [eqs. (15)–(19)] is compared with
experimental data in Fig. 3. Critical solubility occurs
at the boundary between the gas/liquid CO2 and hy-
drate regimes. Below the critical temperature, Tf, sol-
ubility decreases with decreasing temperature; above
Tf, solubility decreases with increasing temperature.
Equations (15)–(19) apply for pressures lower than
12.0 MPa and for temperatures ranging from 0.0 to
20.0 ◦C.

Regarding heat transfer, it is not prohibitively dif-
ficult to predict energy transfers for the hydrate-free
case due to CO2 dissolution, provided that the enthalpy
of solution is known. A hydrate film at the CO2–
seawater interface greatly complicates the analysis.
The mechanisms of hydrate formation and dissociation
at phase interfaces are not well understood, although
models are being developed (Mori and Mochizuki,
1997). In this study, based on experimental obser-
vations, it is assumed that CO2 droplets are covered
with a thin hydrate film after being injected into the
ocean. Furthermore, it is assumed that the thickness
of the hydrate film is constant, implying that hydrate
formation and dissolution are in quasi-equilibrium,
proceeding at similar rates. Under these assumptions,
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the heat transport term in the energy equation for
seawater is:

Ṡt = ẇdco�Hs

(
ρh

ρd

�Hh

�Hs

V̇h

V̇s
δ(x) + 1.0

)
(20)

where ρh = 1.095 g cm−3 is the hydrate density (Aya
et al., 1997); δ(x = xinj) = 1 and δ(x 
= xinj) = 0,
where xinj is the location of the injection nozzles and
V̇h and V̇s are the volume-shrinkage rates of the hy-
drate film and LCO2 droplet, respectively. The ratio of
those two shrinkage rates are modeled as:

V̇h

V̇s
= 1.0 −

(
1.0 − δ

dc

)2(
1.0 − 2.0

δ

dc

)
(21)

δ

dc
= Ch

1.0 − (1 + n)χs

(χs − χ )Sheff
. (22)

Ch = 0.524 × 10−2−0.524 × 10−1 (Mori and
Mochizuki, 1997); δ is the thickness of the hydrate
film; and n is a parameter known as the hydration
number and chosen to be n = 7.3. Data obtained by
Aya et al. (1997) for CO2 hydrate formation enthalpy
and CO2 enthalpy of solution were employed in
this model. The values are �Hh = 200.73 kJ kg−1

and �Hs = 180.7 kJ kg−1. CO2 solubility can be
determined by eq. (15), and the mass fraction of
CO2 in the surrounding seawater, χ , is calculated by
numerically solving eq. (3).

The two sets of equations, eqs. (1)–(8), closed by
the sub-models of exchange terms and turbulent mod-
els for the dispersed and continuous phases discussed
above, were numerically solved and coupled with each
other by a finite-volume method in a staggered grid
system. Discretization of the momentum equations,
eqs. (2) and (8), were accomplished by a second-order
central-difference scheme. The scalar equations em-
ployed a hybrid scheme comprising fourth-order cen-
tral plus power-law to limit numerical diffusion and
to prevent the errors associated with numerical oscil-
lations. The unsteady terms were approximated by an
implicit three-level second-order scheme and the SIM-
PLEC algorithm was applied to solve the momentum
equation.

3. Numerical experiments

The dimensions of the simulation domain were
140 × 140 × 200 (m). A 64 × 64 × 128 grid was em-
ployed. Data on deep ocean currents (maximum ve-

locity 3.0 cm s−1) were applied as inlet boundary con-
ditions. The outlet sides of the domain were treated as
open boundaries. The top of the domain is a free sur-
face and, for both fluids, was treated as a rigid slip wall
according to the investigation of Lam and Banerjee
(1996). This is a reasonable and simple approach when
no mass transfer is assumed at the top. The bottom of
the domain was considered to be a no-slip boundary
for velocity vectors and a solid wall for scalars. The
CO2 release rate was 1.0 kg s−1 with initial droplet
diameters of 8.0 mm (case A) and 5.0 mm (case B).
Release occurs at a height of 2 m above the ocean bot-
tom. The simulation was performed as follows: seawa-
ter flow is initiated to generate a turbulent fluid field.
This small-scale ocean turbulent flow field was main-
tained by a forced-dissipative mechanism and LCO2

injection is initiated. The droplet equations are solved
to obtain new source terms that couple with the ocean
flow field. This computational cycle was terminated
and begun again at the next time step when the den-
sity difference between cycles fell below a selected
threshold.

Figure 4 shows the simulated double-plume struc-
ture for cases A and B 60 min after the start of CO2

injection. The contours corresponded to LCO2 droplet
diameter, and the gradients show the distribution of
pH due to droplet dissolution on the central vertical
plan of the domain. The left edge of the figure (also
in Fig. 5) is the boundary where fresh seawater enters
the computation domain. Temperature decreases with
depth. The simulations indicated that for 8.0 mm ini-
tial diameter droplets, the plume heights (LCO2 and
pH plumes) are 156 m and the lowest pH is 6.5. For
smaller 5.0 mm diameter droplets, the plume height is
83 m and the minimum pH is 6.0.

Larger droplets have higher terminal velocities
(Fig. 2) and take more time to dissolve seawater com-
pletely, which leads to a taller plume. From the point
of view of mass transfer, however, a larger initial di-
ameter means that a smaller interface is created, which
impedes mass transfer and reduces dissolution rates.
This leads to a higher pH and an unremarkable in-
teraction between the LCO2 plume and CO2-enriched
seawater plume because of the smaller negative buoy-
ancy (compare the two LCO2 plumes shown in
Fig. 4).

To assess energy transfer effects on the plume and
temperature field, a case was run at the same con-
ditions as case B but without heat release. Results
are plotted in Fig. 4(c). pH distribution and plume
structure do not appear to be influenced significantly,

Tellus 55B (2003), 2



DOUBLE-PLUME FORMATION BY OCEANIC CO2 729

Fig. 4. Double plumes induced by CO2 ocean sequestration
(contours of CO2 droplet diameter show LCO2 plume and the
image of pH show the CO2 enriched-seawater plume) plume:
(a) case A, (b) case B and (c) case B without heat release.

with the exception that the LCO2 plume near the injec-
tion nozzle displays a displacement of droplets toward
the bottom. This phenomenon might be explained
with the aid of calculated temperature fields shown in
Fig. 5; part (a) shows temperature contours for case B
(with heat release). While Fig. 5(b) shows temperature
field with no heat release. When heat is released by dis-
solution of CO2, seawater, especially near the injection
nozzles, rises up and enhances the ascent of droplets
against the drag from the CO2–seawater solution. This
results in less deformation of the LCO2 plume outline.
For the case of no heat release, the relative velocity
seems to be negative downstream of the LCO2 plume
without support from the buoyant seawater.

Fig. 5. Temperature field predicted by the model: (a) case B
and (b) case B without heat release.

On the other hand, without heat release, tempera-
ture contours can also trace the movement of seawater
elements as well as velocity streamlines of fluid. Phe-
nomena observed in laboratory experiments, such as
ambient fluid entraining and peeling, is therefore ap-
parent in these results. Upstream of the LCO2 plume
[Fig. 5(b)] seawater is entrained into the plume and
then peels down (downstream) due to negative buoy-
ancy arising from the dissolution of CO2. This flow
produces a gravity wave.

4. Conclusions

In this study, a two-fluid LES model of CO2 ocean
sequestration (Chen et al., 2000) was further devel-
oped to treat the transport dynamics between LCO2

and seawater for cases with and without hydrate for-
mation. Sub-models for effective drag coefficient, ef-
fective Sherwood number and CO2 solubility can be
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conveniently implemented into a numerical code. The
preliminary simulation experiments on CO2 ocean se-
questration predict that the initial droplet diameter is
a sensitive parameter for both physical and biologi-
cal impacts on the ocean. Heat release associated with
hydrate formation and CO2 dissolution seems to have
negligible influence on plume structure, except near to
the injection nozzle. Seawater entrainment and peeling
out of the plume, and gravity waves, were predicted
by the model.
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