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Abstract. Injection of carbon dioxide (CO3) in the ocean has been proposed as
an option for accelerating the natural net flux of COy from the atmosphere into the
ocean. Liquid CO; released as droplets at depths <3000 m will create an ascending
plume of droplets and entrained water. As the COs droplets dissolve, carbon is
transferred into the plume water, yielding increased density and a lowered pH value
of the plume water. As ambient water entrains the COq-enriched water by mixing,
the density difference disappears and the injected CO3 follows the ocean dynamics as
a dynamically passive tracer. Here we report on numerical experiments performed
with a two-phase Navier Stokes solver. The effects of different droplets sizes,
background currents, and injection rates are examined. The numerical experiments
show that the droplet size and the background current are key parameter for
predicting the vertical distribution of the plume water, the associated reduction
in the pH field, and the increase in the plume water density. If rapid dilution of
the COg-enriched water is the objective (leading to modest reduction in the pH
value), large initial droplets and high background currents are preferable. On the
other hand, if the objective is to increase the density of the plume water ir order to
generate a sinking plume (yielding enhanced residence time of the released COsy),

COz2 injection with small droplets in a stagnant water column is optimal.

1. Introduction

The atmospheric concentration of carbon dioxide, the
principal human-induced greenhouse gas, has increased
from ~280 parts per million (ppm) (or 0.028%) at the
beginning of the Industrial Revolution to ~365 ppm to-
day. This increase is mainly caused by burning of oil,
coal, and gas and changes-n the use of land. An in-
creasing human population, increased standard of living
in the developing parts of the world, no apparent alter-
native large-scale energy substitute except for nuclear
energy, and a known recoverable fossil fuel reserve of
3000-5000 Gt C indicate that the man-made emissions
of CO4y will double over the next century and that the
fossil fuel era may last for several generations (see, for
example, Schimel et al. [1996] for a description of COq
and the carbon cycle).

The world ocean waters and calcareous (CaCOs3)
ocean sediments are able to absorb all but a few per
cent of the CO released to the atmosphere [Broecker
and Peng, 1982], if the known global fossil fuel reserve is
utilized by conventional combustion schemes. For the
present-day situation, about one third of the annual
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fossil fuel CO5 emissions of ~5.5 Gt C are absorbed
by the ocean surface waters over 3-5 years. Unfortu-
nately, the huge chemical absorption capacity of the
marine environment is heavily rate limited by the long
(>1000 years) physical mixing timescale between the
world ocean surface, intermediate and deep waters, and
the subsequent dissolution of sedimentary CaCOs5.

It was therefore proposed by Marchetti [1977] to ac-
celerate the natural ocean uptake of atmospheric COs
by collecting the gas from point sources and by releas-
ing it into the ocean at appropriate locations and at
depths sufficient to avoid direct outgassing to the at-
mosphere. Marchetti identified the Strait of Gibraltar
as a promising place; here the saline and dense out-
flowing Mediterranean water sinks to ~1000 m before
it spreads out over large parts of the Atlantic basin.

Marchetti [1977] was followed by Hoffert et al. [1979)],
who used a simple, horizontally integrated box model
and examined the atmospheric response of ocean dis-
posal of CO2. The model calculations are based on
emission rates that are rather extreme (7000 Gt C re-
leased between year 1900 and year 2200), but the results
illustrate the effect of ocean disposal of CO3: By inject-
ing CO; into the ocean, one can reduce the transient
peak in the atmospheric CO, concentration. This result
was later confirmed in similar studies [Sundquist, 1986;
Wilson, 1992] and by using global three-dimensional
ocean circulation carbon cycle models [Bacastow and
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Figure 1. Overview of the different ocean disposal op-
tions. The arrows indicate the depth interval in which
CO;, in gaseous, liquid, dissolved, or solid form will as-
cend or descend in the water column.

Stegen, 1991; Maier-Reimer, 1991; Stegen et al., 1993].

Several ocean disposal options exist, and the different
options are closely connected to the phase properties of
COs, for the temperature and pressure regimes encoun-
tered in the ocean and to the density of gaseous, liquid,
and solid CO3 compared to the density of seawater (see
Figure 1).

Liquid COs is more (less) dense than seawater at
an ocean depth of ~3000 m or more (less) [Ely et
al., 1989] , the density of dry ice is ~1550 kg m™3
[Nakashiki et al., 1991], and the density of pure CO2
hydrate is ~1110 kg m™3 [Golomb et al., 1992]. It is
therefore possible to dispose of fossil fuel CO; in var-
ious ways: Blocks (or cylinders) of solid CO, will de-
scend quickly through the water column [Nakashiki et
al., 1991], “lakes” of liquid CO2 will be formed if liquid
CO,, is released on the seabed at depths of 3000 m or
more [Ohsumi, 1993; Shindo et al., 1993], and hydrates
will accumulate on the ocean bottom [Saji et al., 1992;
Golomb et al., 1992; Brewer et al., 1999] .

In addition, if liquid COs is released between the con-
densation depth (at ~450 m) and a depth of ~3000 m,
droplets of liquid CO, will ascend through the water
column and partly or fully dissolve in the surrounding
water masses because of the large COs concentration
difference between the CO, particles and ambient sea-
water [Herzog et al., 1991; Liro et al., 1992; Haugan
and Drange, 1992] . If the droplets of liquid CO5 reach
the condensation depth or if CO; is injected at depths
shallower than the condensation depth, bubbles of CO
will be formed [Herzog et al., 1991; Haugan and Drange,
1992] .

In addition, the density of seawater increases as CO9
is dissolved in the water [Bradshaw, 1973], and the in-
crease in density may exceed 10 kg m~2 [Drange and
Haugan, 1992a). An additional option is therefore to
dissolve fossil fuel CO3 in seawater (in a chamber, for in-
stance [Adams et al., 1995]) and release the dense, CO5-
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enriched water on a sloping ocean bottom; thereby cre-
ating a bottom gravity current that will transport the
carbon to greater depths [Haugan and Drange, 1992;
Drange and Haugan, 1992a; Drange et al., 1993]. Spe-
cial care has to be taken so that the generated bottom-
attached gravity current does not move at a constant
depth in geostrophic balance [Alendal et al., 1994],
for instance, by releasing the COs-enriched water in
a canyon [Adams and Herzog, 1997].

The rising plume resulting from releasing liquid CO2
at depths >450 m has so far been modeled by sim-
ple steady state, one-dimensional bulk models [Liro
et al., 1992; Drange and Haugan, 1992b; Thorkildsen
and Haugan, 1993; Thorkildsen et al., 1994], where the
plume consisting of CO2 droplets and entrained water
is described by horizontal averages. As a result of dif-
fusion and subsequent dispersion of COs molecules in
seawater, the buoyancy of the droplets decreases. Once
the negative (downward) buoyancy of the plume wa-
ter exceeds the positive buoyancy of the droplets, the
plume will descend in the water column. To account for
this effect, the plume models perform so-called peeling
events in which fractions of the dense plume water are
ejected from the plume. The ejected water tends to sink
in the water column, but this motion cannot be easily
described by the integrated bulk models.

In a first attempt to model the behavior of the peeled
off water, Thorkildsen and Alendal [1997] modeled the
droplet plume by introducing sources of CO2 and buoy-
ancy into a three-dimensional nonhydrostatic Navier
Stokes solver [Alendal, 1996]. In this simulation, results
from a steady state, bulk droplet plume model [Thork-
ildsen and Haugan, 1993] were used as input to the
Navier Stokes solver. The objective of the present study
is to simulate the combined effect of rising droplets and
of sinking, dense, CO,-enriched seawater. The droplets
have been treated as a separate phase in a Navier Stokes
solver, interacting with seawater through mass transfer
and interfacial drag.

Increased CO5 concentration in seawater reduces the
pH value with possible impact on the marine biota (Fig-
ure 2). The reason for this is that the species composi-
tion of the carbonic acid system in seawater changes (re-
duced pH and carbonate ion CO3~ concentration and
increased concentration of dissolved COsz) as the con-
centration of total dissolved inorganic carbon (Cr ) in-
creases [Stumm and Morgan, 1981]. The change in the
chemistry of seawater, together with the effective ex-
posure time experienced by marine organisms, are key
input parameters for environmental studies [Auerbach
et al., 1997; Caulfield et al., 1997]. Hence near-field
diffusion and dispersion modeling studies such as the
one presented here are required to assess effects on the
marine biota in the vicinity of the injection site. In ad-
dition, near-field modeling of the released CO5 will give
concentration fields that can be used as a source func-
tion for simulating the behavior of CO2 at spatial and
temporal scales exceeding the scales simulated here.
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Figure 2. Computed pH value [Drange and Haugan, 1992a] as CO, is dissolved in seawater at
a pressure of 35 bar and a temperature of 8°C. Here AC7 (mol C m~3) denotes the amount of
carbon added to seawater. Natural seawater has a pH value of ~8, and it contains ~2 mol C
m~2,s0o ACr =2 mol C m~? represents a doubling of the amount of dissolved inorganic carbon
in seawater. The pH value of small values of ACT has been enhanced by the use of different

linear scalings of the abscissa.

The paper is outlined as follows. In section 2 the
two-phase droplet model is described. Results of a set
of numerical experiments are presented in section 3,
followed by discussion in section 4, and conclusions in
section 5.

2. Two-Phase Model

Hereafter seawater will be denoted the carrier or con-
tinuous phase (subscript ¢), while the CO5 droplets will
be named the dispersed phase (subscript d). The model
originates from the two-phase continuum flow model
of Crowe et al. [1998], where each phase is described
by continuity and momentum equations. The carrier
phase has in addition, tracer (or concentration) equa-
tions for temperature T (Kelvins), salinity S (psu),
and total dissolved inorganic carbon Cr (mol C m~3).
A number density equation is used to close the system
of differential equations.

The two phases are described by the following defi-
nitions: The number density n (m~3) is given by

. ON
lim

n = —
-y OV’

1)
where O N (no unit) is the number of elements in the
volume 0V (m?), while 9 V; (m®) is the limiting volume
that assures a stationary average. The volume fraction

ag4 (no unit) is defined as
o M
v dvy BV

Qg = (2)
where &V, (m?®) is the volume of the dispersed phase in
the control volume. For the continuous phase the vol-
ume fraction a, (no unit) , also called the void fraction,
is given by

3)

lim

Qe = -
T vaav, OV

The relationship

(4)

oy +a. =1

ensures consistency.
In this work all droplets are assumed to be of the
same size with a volume V,; (m?) in each control volume,

hence dV; = ON V,, and
ON Vy

3\/11—>m5V0 v =nVa.

(5)

Qg =

Finally, the bulk or apparent density 77 (kg m™2) is
8]\/[(1
pd avh—{navo v (6)

where OM, (kg) is the mass of the dispersed phase in
the control volume. A similar definition holds for the
bulk density of the continuous phase, p.



1088

If all particles have the same mass mq (kg), then
Pd =mma = a4pd (7)
where pg (kgm™3) is the density of the droplet fluid.

2.1. Carrier Phase

According to Crowe et al. [1998], a continuity equa-
tion,

0
gzacpc +V. QcPcl = —Smass (8)

and the momentum equations,

0
aacpcu 4+ V- acpuu = —a . Vp + acpeg (9)

+a.V -7 — By(u—V) — VSmass

are solved for the carrier phase. Here u (m s7!) is
the three-dimensional velocity vector, p. (kg m~3) is
the carrier phase density, g (m s~2) is the gravitational
vector, 7 (Pa) is the stress tensor, and Smass < 0 (kg
m~3 s71) represents mass transfer. Furthermore, drag
from the dispersed phase with velocity v (m s™!) is
proportional to the velocity difference between the two
phases with a drag coefficient By (kg m~2 s7'). The
last term in (9) represents momentum influence on the
carrier phase due to mass transfer from the dispersed
phase.

Equations (8) and (9) have been recasted to fit an
existing Navier Stokes solver. For this we note that the
continuity equation can be put in the form

17}
apcac +u- VpcOlc + pccV - u = —5yass

or, with the definition d/dt = 9/0t+u - V,

(10)

Epcac + pcacv ‘U = —Smass - (11)

The change in mass for the continuous phase is given
by dissolution of the dispersed phase, so

Epcac = —Smass » (12)

yielding the ordinary, noncompressible continuity equa-
tion
V-u=0. (13)

In a similar way the momentum equation is differen-
tiated as

0 _ _ _ (0
u(’é};ﬂc-FV'Pcu) +pc(EU+u-Vu> =

_'O‘ch +pg+V-T— BV(U - V) — VSmass -

(14)

Recognizing the continuity equation in the first term on
the left-hand side and using the Boussinesq approxima-
tion, i.e., dividing through with a characteristic density
po and neglecting density variations in all terms apart
from in the gravity term, yields
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1 —
gu+u~Vu= Ry
ot Po Po
(15)
1 m
—V-7- By (u—v)+s—a—§(u-—v).
Po PoCc PoCc

Here the pressure term has been decomposed into a
hydrostatic pp and dynamic p’ pressure term p = pop +7',
with Vpo = pog. The last term in (15) represents the
momentum influence from mass transfer, and this term
has been neglected as it is small.

The tracer equations for temperature and salinity,
the former by neglecting heat from the dissolution pro-
cess, can be written as

(%T+V-Tu =V k&VT, (16)
%S-I-V-Su/:V'neSVS, (17)

where x5 (m? s7!) and % (m? s™!) are, respectively,

temperature and salinity turbulent diffusivities (see be-
low). _

For carbon a source term enters the conservation
equation due to dissolution of COs from the droplets,
S0

0 :

5£CT +V-Cru=V-kEVCr — Smass/Mco, , (18)
where Mo, = 44.01 x 1073 kg (mol C)~? is the molar
mass of COs.

2.2. Dispersed Phase

The continuity equation for the dispersed phase is
similar to the carrier phase with reversed sign on the
mass transfer term and with an additional term I,
(kg m~3 s71) describing the injection of COq droplets:

3}
—agpd + V- agpau = Smass + Imass - (19)

ot

A momentum equation for the dispersed phase can

also be given, but here it is assumed that the dispersed

droplets move with the carrier phase with an additional
vertical terminal velocity Ur (m s™!), so

v=u+Urk, (20)
where k is a unit vector in the vertical direction.

In order to close the set of equations, a number den-
sity equation has been introduced. The rate of change
of number density depends on the flux of droplets in
and out of a volume and the number injected I,, (m=3
s™1) [Ferziger and Perié, 1997), so

2/ ndQ+/ nvV - -mdS = I,dQ. (21)
ot Vo To Vo

Here V) (m?) and T'p (m?) are the volume and the sur-
face area of the control volume, respectively, and the
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surface normal vector is denoted m. Using Gauss law
on the surface integral and collecting the terms give

0
—n+V-nv-1,]d2=0.
.G )

As long as a stationary average can be reached, the
control volume can be chosen arbitrary, giving the fol-
lowing continuity equation for the number density:

(22)

2TL4—V~nv=In.

5 (23)

2.3. Parameters

The international equation of state [UNESCO, 1981]
has to be extended to take into account the effect that
enhanced concentration of dissolved inorganic carbon
has on seawater density [Drange and Haugan, 1992a],

pe = p(S,T,p) + [Mco, — p(S,T,p)vco,] COr . (24)

Here p(S,T,p) (kg m~3) is the seawater density ac-
cording to the standard equation of state and veo, =
34 x 1075 m® (mol C)~! is a conservative (high) esti-
mate of the molar volume of COq [Drange and Haugan,
1992a]. For the pressure range considered here, Uco,
can be treated as constant. Furthermore, the equation
of state for liquid CO» is given by Ely et al. [1989).

For the stress tensor, a Smagorinsky parameterized
stress has been used with proportionality to the shear
[McComb, 1990]:

o Lo,
ij = —PoVe 81’1 al'i .

Here v, (m?s™!) is the local eddy viscosity, given by

(25)

ve = 2A25Y/?, (26)

where ¢ = 0.079 is a constant [Yakhot and Orszag,
1986], A is a filter width taken to be the grid spacing,

and
ou; (o n oty
Bxi
is the shear.

0z; \ dz;
Yakhot and Orszag [1986] provide a turbulent or eddy
diffusivity parameterization based on renormalization
group (RNG) theory:

S=

(27)

$—1.3929 | ¢+ 2.3929 |70y (28)
| do — 1.3929 $o + 2.3929 v
where o
K¢ K
p=—2, ¢po=-2 (29)
Ve Yy

are, respectively, the turbulent and molecular inverse
Schmidt numbers, in this case for salinity but similar
for the other two scalars (temperature and carbon con-
centration). Notice if the turbulent viscosity v, equals
the molecular viscosity vy (both in m? s71), k% = .
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In the other extreme where the turbulent viscosity is
much larger than the molecular viscosity, the fraction
on the right-hand side of (28) approaches zero, giving
a turbulent diffusivity of kg = 1.3929v,. The equation
involves solving a nonlinear equation for each computa-
tional node for each time step, so the solutions for (28)
have been evaluated once for the range

0< X <12 ¢<¢<1.3929
€ .
and stored in an array.

The drag coefficient has been taken from the devel-
opment of the slip velocity, which assumes that the
droplets move with the terminal velocity Ur (m s™1)
when the drag and buoyancy forces balance. The buoy-
ancy Fg (N) on a droplet is, assuming that the gravity
works in the vertical direction only,

Fo=Vy9(pe = pa) , (30)

which has to balance the drag force Fp (N) on one
particle given by

FD = ﬂd(u e 'U) = ,BdUT. (31)

For each particle then the drag coefficient (kg s™1) is

By = Vag (pe — pa) ‘

- (52)

Summing over all the droplets in a control volume, di-
viding by volume, and letting the volume go to the limit
volume gives the drag coefficient in (14),

. ONVyg(pc — pa)  @ag(pec — pa)
= 1 =
By = i v, Ur

. (33)

According to Cussler [1984] , the mass transfer from
one droplet with radius 7 (m) can be put in the form
d (4 4 2
— | zpar’ | = —47r* K Mco, (Cs — C) . (34)
dt \ 3 ?
Here C; = 1360 mol C m~2 and C are the concen-
trations of COg at the droplet surface and far away
from the droplets, respectively. C, is obtained from
the equation of state for liquid CO, [Ely et al., 1989]

and is treated as constant. The mass transfer coefficient
K (m s™!) has been taken from Clift et al. [1978],

2 2.89 \ [kLUr
K=-""-[1- ¢ 35
ﬁ ( \/R€k> 2r ( )
where -
Rey, = ﬂ;—T > 170 (36)
0

is a dimensionless Reynolds number. This is the mass
transfer from a single droplet, whereas the mass trans-
fer per unit volume syass (kg m™2 s71) is obtained by
multiplying with the number density, so
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Smass = ——n47r'r2KMCO2(Cs -C). (37)

The mass transfer is negative in order to keep notation
according to Crowe et al. [1998].

A particle in stagnant fluid will be influenced by
buoyancy and drag on the droplet interface. When
these forces balance, the droplets move with a constant
settling or slip velocity. In the present study the termi-
nal velocity given by Clift et al. [1978],

Qrgu 7 (38)
Pe

Ur =0.711

has been used. This equation is valid for liquid gas
droplets with radii >0.5 mm. For smaller droplets the
terminal velocity is set to zero.

An equivalent droplet radius can be found from the
volume V; (m?) of droplets given by
4 3

=77,

Va=3

(39)

hence the equivalent droplet radius follows from (5),

1
(ad )3
r=\|4— .
4
3TN

2.4. Limitations

(40)

The following assumptions have been made in the
development of the model. First, the droplets are not
interacting with each other; that is, there is no merg-
ing (splitting) of the droplets to create larger (smaller)
particles. Second, in each control volume or in each
of the grid nodes in the discrete space, all droplets are
assumed to be of the same size. The latter assump-
tion can be argued to represent an average droplet size.
However, since the droplets move with increasing veloc-
ity with increasing size, the large droplets should enter
the neighboring node before the smaller ones.

The mass transfer coefficient in (35) does not incor-
porate hydrate formation on the droplet/water inter-
face. Hydrate will be formed if the seawater tempera-
ture is < ~10°C and at a depth >200-400 m [Brewer et
al., 1999]. The thickness of the hydrate layer tends to
increase with decreasing temperature, hence decreas-
ing the mass transfer [Brewer et al., 1999; Warzinski
and Holder, 1999]. There are still large uncertainties in
quantifying the decrease in mass transfer caused by hy-
drate. The study by Warzinski and Holder [1999] indi-
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cates an order of magnitude reduction in mass transfer
at temperature around 5°C, which is the temperature at
700 m off Keahole Point, Hawaii. Another option, used
by Hirai et al. [1997], is to reduce the concentration
difference Cs — C by one half in (37). Recognizing the
lack of a consistent parameterization, the mass transfer
reduction caused by hydrate formation has been ne-
glected in this study.

Finally, the released heat associated with the disso-
lution of liquid CO2 (18) has been neglected in this
study. This simplification is based on the relatively
small amounts of carbon considered in the numerical
experiments reported here. For larger quantities of in-
jected carbon, the effect of heat of dissolution should be

included as a source term in the temperature equation
(16).

3. Numerical Experiments

3.1. Solution Method and Initialization

There is no equation for the pressure term in the mo-
mentum equation for the carrier phase (14). The most
frequently used assumption in large-scale ocean mod-
els is the hydrostatic approximation, which reduces the
vertical momentum equation to a hydrostatic balance
equation. This assumption is valid for events on large
horizontal scales, but for smaller scales and for events
with rapid vertical motion this assumption fails (see,
for example, Marshall et al. [1997]).

Here we deduce the pressure by using the continuity
equation, (13), to find a pressure field that enforces a
solenoidal (divergence free) velocity field. For this, a
fractional time step method (see, for example, Ferziger
and Peri¢ [1997]) has been used; first, the momentum
equations are solved using the old pressure field, the
resulting velocity field is generally not solenoidal and is
updated by using a updated pressure field. The latter
step involves solving an elliptic problem for the pres-
sure.

For the numerical experiments we have used temper-
ature and salinity profiles from Keahole Point, Hawaii,
which has been chosen as a possible site for the first
large-scale ocean CQO, storage field experiment [Adams
et al., 1999]. The background velocity field varies as
a result of tidal influence and from mesoscale eddies
flushing past the island and can reach a speed of 0.1 m
s~! [Adams and Herzog, 1997,1998].

Table 1. Key Parameters for the Model Experiments.

Name Background Velocity, Droplet Radius, Injection Rate,
ms™! m kg COy s™*
Base Case 0.05 0.007 1.0
RO1 0.05 0.001 1.0
R12 0.05 0.012 1.0
Uo00 0.00 0.007 1.0
U10 0.10 0.007 1.0
Ra01 0.05 0.007 0.1
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In the numerical experiments presented here, droplet
radius, background current, and injection rate vary
around a base case characterized with a droplet radius
of 7 mm, background current of 0.05 m s}, and an
injection rate of 1 kg COy s™!. Key parameters for the
numerical experiments are given in Table 1. The model
domain is 254, 62, and 126 m in the along-stream, cross-
stream, and vertical directions, respectively. However,
in the vanishing background velocity case (U00), the
along-stream domain is 127 m. The model equations
are solved on an equidistant, staggered grid with 2-m
resolution in all directions. All injections occur at 700
m depth.

3.2. Results

Figures 3 and 4 show the time development for the
base case experiment in the along-stream vertical cross
section through the release point. Figure 3 shows the
amount of liquid CO; remaining in the droplets per cu-
bic meter, hence showing a picture of the droplet plume.
Steady state is achieved after ~10 min, and then the
droplets have risen 60 m. The steady state droplet
plume stays inclined in the vertical owing to the back-
ground current and is continuously feeding COg into
the ambient water.

The corresponding pH field is shown in Figure 4.
Note how the COs is transported downstream by the
background current and downward owing to the in-
creased density of the COs-enriched water. The CO5-
enriched water occupies a vertical layer of ~80 m in the
base case, starting ~20 m below the release depth. The
water with the lowest pH value is, as expected, found
close to the injection site.

m

1091

Terminal or slip velocity increases with increasing
droplet size; hence droplets with large radius ascend
faster in the water column than smaller droplets, and
large droplets also contain more CO,;. Hence large
droplets are expected to rise over a longer vertical dis-
tance before they, because of dissolution, reach the crit-
ical equivalent radius of 0.5 mm, whereafter they fol-
low the background current as a dynamically passive
tracer. The CO, droplets experience a downward di-
rected force from the descending dense, COq-enriched
plume water; therefore situations are expected where
the droplets may descend.

Figure 5 shows the pH field and the amount of liquid
CO, per cubic meter remaining in the droplets after
30 min for different droplet release radii. Note how the
CO;-contaminated water and the droplets spread below
the injection depth at 700 m when small droplets are
injected (Figure 5, top). For initially large droplets,
as exemplified in experiment R12 (Figure 5, bottom),
the droplet plume rises farther than for the base case
experiment and actually exits the model domain at the
upper boundary.

When the background velocity increases, the droplet
plume inclination increases. Figure 6 is similar to Fig-
ure 5, but with vanishing and strong background cur-
rents. With no background velocity (Figure 6, top), the
droplet plume ascends vertically and the dense plume
water sinks to the bottom, where it spreads. The
droplet plume and the descending water experience lit-
tle dilution, leading to a rather large decrease in the pH
value. The opposite situation occurs for strong back-
ground currents (experiment U10 in Figure 6, bottom).

-COy is then dissolved into larger water masses, yielding

0.01 0.02 0.08 0.20 0.50 1.40
E 660 | 5@
= [ [
§-7ooj-@ -
(] N [~
- 3 min } 9 mi
740:l|||||l||||||1|l:n1m|;||||||||||||||l|:“|m|
£ 660 -
s | :
3-700_- o
o N -
- 6 min | 12 mi
740-|I||11I|1||I||||;n|m|-|l||||I||||I||||;n|m1
0 50 100 150 0 50 100 150

Downstream distance (m)

Downstream distance (m)

Figure 3. Simulated time evolution of liquid COg in units of kg CO; m™2 for the base case
experiment. Release depth is at 700 m, and a steady state solution is achieved after ~10 min.
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Figure 4. Same as Figure 3, but for the simulated time evolution of the pH field. Background
pH value is 7.98.

Hl ] B

6.00 6.50 7.00 7.50 7.75 7.90 0.01 0.02 0.08 0.20 0.50 1.40

- R01: RO1
£ 660 =
s _ s
3 700 ~
a F 30': 30 mi
740; Illl:nllnl;lllIII 1||l|||‘|:n«m|
o | R12 R12
E 660 F
£_F
2 700 F
e - 30 mi 30 mi
- min min
740-||||41|[||1|||||||| [ N N N

o

50 100 150 0 50 100 150
Downstream distance (m) Downstream distance (m)

Figure 5. (left) Simulated pH field and (right) the amount of liquid COy (kg CO; m™3) in the
droplets after 30 min for droplet release radii of (top) 1 mm and (bottom) 12 mm.
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Figure 6. (left) Simulated pH field and (right) the amount of liquid CO; (kg CO2 m™2) in the
droplets after 30 min for a droplet release radius of 7 mm and for (top) vanishing and (bottom)
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0.1 m s~! background currents.

less acidification and efficient transport of the released
COg in the downstream direction.

The last experiment is shown in Figure 7. In this
experiment the injection rate of CO9 is 10% of the base
case experiment, so the droplet plume is smaller but
still rises 45 m. Notice how the diluted water does not
go below the injection depth: In this case the injection
rate is too low to generate dense, sinking water.

To illustrate how the CO; is distributed in the ver-
tical direction, the amount of dissolved CO4 as a func-
tion of depth has been normalized by the total amount
of dissolved inorganic carbon inside a sampling box ex-
tending 100 m in the downstream direction, with a sam-
pling volume of 1.28 x10° m®. Figure 8 shows the ver-
tical distribution of Cr after 30 min. The vertical rising
distance of the droplets follows directly from the figure.
For base case, U10, and Ra01, the rising distance is ~60
m. In the case with vanishing background velocity, the

droplets experience a small positive or even negative
buoyancy, leading to a rising distance of only 20 m or
so. For the large droplet release case (R12), some of the
droplets escape from the model domain, while, as seen
earlier, very small droplets (RO1) descend in the water
column. Hence the initial droplet size is important for
determining the vertical distribution of the CO5 plume.

In order to minimize the influence on marine life, the
COs-enriched water masses should be kept as diluted
as possible. Figure 9 shows the volume of seawater
that experiences a reduction in the pH value by more
than 1 pH units, using the same sampling box as before
(note that the R12 graph is slightly misleading owing
to the escape of some of the COs through the upper
model boundary). The base case experiment levels off
after ~40 min and gives a volume of ~35x10% m®. The
high-velocity case levels off earlier (~20 min), and the
amount of water with reduced pH is about half that

| |
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Figure 7. (left) Simulated pH field and (right) the amount of liquid CO2 (kg CO2 m™3) in the
droplets after 30 min for a droplet release radius of 7 mm and an injection rate of 0.1 kg CO,

S
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Figure 8. Vertical distribution (in percent of the total dissolved inorganic carbon) as a function
of depth for the different experiments (see Table 1). The results have been adjusted for grid
spacing so that the depth integral gives 100%. Release depth is at 700 m for all cases.

of the base case. With vanishing background velocity
the volume continues to increase as the COs-enriched
water spreads out on the seafloor. The volume of water
masses with reduced pH when the injection rate is 10%
of the base case is a factor of ~30 smaller than the
corresponding base case volume. The reason for this is

i ’
i Base /
L V) o — u10 ,
- — — - U00 o
- ———- R12 Y
F ——— - RO1 v /
—~ 30 :_ ————= Ra01 , /
o e
..,E i f s
B 5 /
2 | 4 7
x A ~
= B /4 // P
[y E—
20 -
ET /.
[ o
> |l
10
0 i Wil ISl S i A
0 10 20 30 40 50
Time (min)
Figure 9.  Volume of water (x10® m3) with more

than 1 pH units reduction compared with ambient water

as function of time. The different cases are given in
Table 1.

that the pH value does not scale linearly with Cr (see
Figure 2).

4. Discussion

The six numerical experiments discussed in the previ-
ous section cover typical parameter values for the pilot
large-scale field experiment planned at Keahole Point,
Hawaii. The injection rate considered here is small,
and, for comparison, the amount of CO5 injected from
a 500 MW gas power plant is a factor of ~65 larger
[Drange et al., 1998]. It should be mentioned that the
difference between the base case and the Ra0l experi-
ments shows that dissolution of the released CO5y can
be accelerated if the CO; is diverted through several
ports. In addition, low injection rates narrow the CO,-
exposed layer owing to the small density increase of the
plume water.

It is further shown that strong background currents
decrease the vertical extent of COs-containing water,
and downward movement of this water is absent or
moderate owing to entrainment of ambient water. In
the case of vanishing background currents the released
CO2 may reach the seafloor, with possible impact on
the benthic boundary layer biota and sediments. The
droplet release radius is a key parameter in governing
the vertical distribution of the droplets and hence the
extent of the vertical layer that is influenced by dis-
solved CO2. For instance, very small particles (radius
of 1 mm) lead to downward transport of the released
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CO3, whereas a rising distance of >100 m is possible
for droplets with initial radius >10 mm.

Two of the main considerations for evaluating COq
injection in the ocean as a mitigation strategy is the
residence time of the released CO» and the biological
impact from reduced pH close to the injection site. The
upper turbulent mixed layer of the ocean should be
avoided, since partial outgassing of the released carbon
is expected if the CO, enters this layer (H. Drange et
al., manuscript in preparation, 2000). In this respect it
is preferable to generate high concentration CO2 plume
water or simply dissolve the CO, at the level at which
it is introduced, leading to sinking plumes of CO,-
enriched water. The drawback of generating high CO,
concentration water is the increased acidification of the
plume fluid. Obviously, the two considerations must be
balanced for a given injection site, and the result will
depend on the ocean dynamics and the marine fauna in
the vicinity of the site.

5. Conclusion

CO; injection in the ocean by droplet release is a
possible option for accelerating the natural net flux of
carbon from the atmosphere to the ocean. Ocean stor-
age of CO» is successful only if outgassing of the re-
leased CO, is small on a century timescale and if the
environmental effects are negligible. The present study
indicates that the initial size of the CO. droplets in
combination with the flux of carbon through each of the
release ports may be adjusted so that environmental ef-
fects can be minimized. It is of paramount importance
to perform effect studies in order to assess the stress
that marine organisms will experience in the vicinity
of a given release site. Also, the cumulative effect on
the marine biota caused by a multiple of large-scale re-
lease sites should be considered. Finally, the influence
of hydrate formation on the droplet surface is another
subject that needs further attention.
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