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Physical Behavior of Liquid CO, in the Ocean

Y. Kobayashi

Kumamoto Institute of Technology, 4-22-1, Ikada Cho, Kumamoto 860, Japan

Abstract. Technical researches for the reduction of increasing rate of CO; concentration
in atmosphere are being performed in the various countries, among them Liquefied CO;
(LCOy) injection into the ocean was proposed by M. Steinberg (1983) utilizing the deep
ocean as a promising vast reservoir for disposal of CO».

In their paper description is just limited to the conceptual ideas of ocean disposal
system not referring to the technical problems during CO, flow process from the pipeline
inlet to the sea floor.

Phenomena such as thermo-physical flow in the vertical pipeline, turbulent jet in the
ocean after discharging and diffusion from the CO; pond on the sea floor should, however,
be technically discussed before evaluation of this system.

In this paper three stages of physical behavior of LCO; in the ocean non-critical or
saturated fluid flow and super critical fluid flow in the leading pipe, free turbulent plume
injected into sea from nozzle and turbulent diffusion from the CO; pond which was formed
on the ocean floor were discussed, and some engineering concepts were proposed
according to the analyses. Resultingly, the ocean disposal system of CO, would be
feasible as an efficient means for the atmospheric CO; control, provided that the well
controlled hardware and LCO; flow were prepared.

1. Introduction

This paper deals with the physical behavior of liquid CO; (LCO>) in the
disposing pipe and in the ocean after discharged from pipe opening. Total system
is illustrated in Fig. 1.

LCO; is supposed to be disposed at the level below the 3,000 m depth, at
which level the specific gravity of LCO; becomes greater than that of sea water
and gravitational force consequently acts downwards on LCO; particles. LCO»
ejected from the pipe end will form a jet or plume which dilutes the CO;
concentration gradually according to the increase of depth. Some parts of the
LCO; particles will arrive at the sea bottom without dilution into the sea water and
make a LCO; pool on the sea bottom. From the LCO; surface CO» diffusion will
occur into the sea water.
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Fig. 2. Specific gravity of LCO,.
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Fig. 3. Specific heat of LCO,.
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Fig. 4. Viscosity of LCO,.

50~

PRESSURE
500 bar
B P=20 bar 400 bar

40 bar éaﬁ—E;FBOO bar

100 bar

40

30

20
80 bar

THERMAL CONDUCTIVITY (x107° cal/cm. sec.K)

10~
L ! | ! L 1 J

| |
-60 -50 -40 -30 -20 -10 0 10 20 30
TEMPERATURE (°C)

Fig. 5. Thermal conductivity of LCO;.
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2. Physical Properties of LCO, and Sea Water

2.1 Physical properties of LCO,

The major physical properties of LCO; (specific weight y, specific heat ¢,
viscosity i, thermal conductivity A) are shown on Figs. 2, 3,4 and 5 in the range
of temperature —60°C to 30°C and pressure 20 to 500 bars.

These read that the thermal expansion coefficient and compressibility
against pressure of LCO; are about a hundred times greater than that of sea water.
Consequently specific weight of LCO, becomes larger than that of sea water
conversely at the sea water depth of about 3,000 m.

Since the critical pressure of CO; is 75.3 ata, LCO; reaches this pressure at
the depth of about 750 m, in further depth LCO; becomes the super critical fluid
(SCF) in the pipe exceeding the critical point. This means that LCO; is at a state
of quasi-super critical fluid in a range of 700 m to 800 m depth of pipe and should
be treated as the super critical fluid flow without distinguished phase change in
the deeper sea level.
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Fig. 6. Physical properties of CO; in the vicinity of super critical pressure.
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SCF has a pseudo-critical temperature which corresponds to the saturation
temperature for non-critical fluid and at this temperature physical properties
change rapidly, especially specific heat ¢, indicates a maximum value at this
temperature.

These phenomena are shown in Fig. 6 of ¢p, 7, y, A curves at the pressure of
80 bars being plotted from the values of physical properties, which indicates the
rapid change of these values and the maximum value of ¢, at the temperature of
30°C to 40°C, supposedly the pseudo-critical temperature.

In Fig. 7, saturation temperature and pseudo-critical temperature at super
critical pressure region of CO; are indicated.

2.2 Physical properties of the ocean
The major properties of sea water, kinetic viscosity v, Prandtle number P,,

thermal conductivity A versus temperature are indicated in Fig. 8 and approximated
by the following equations.
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Fig. 7. P-T relations of CO; at saturation state and pseudo-critical temperature.
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Fig. 9. Approximated temperature distribution in the ocean.
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v=(1.72-0.03780)x 10 (m”/sec)
P, =12.8-0.3066 . 1)
A =0.5 (kcal/mh °C)

Where 0 is the sea water temperature.
The temperature distributions on the vertical direction can be approximated
by the following equation as shown in Fig. 9.

6, =2+18erfc9.8x10™*x (°C) (2)

where 6;: sea water temperature, x: depth (m), erfcz= 1 — erfz, erfz: error function.

The compressibility of the sea water under the high pressure should be
considered for the evaluation of specific weight of the deep sea water, and this is
expressed in the following form.

v =70/(1-1p). 3)

Where yo: standard specific weight 1025 kg/m3 at water pressure p = 1 atm, n =
(vo — v)/vp: mean compressibility under the pressure from 0 to p, vy, v: specific
volume of sea water corresponding to the pressure of 0 and p. According to this
calculation the following values are obtained.

Depth (m) 0 1000 2000 3000 4000 5000
y (kgm®) 1025 1030 1034 1038 1043 1047

Water pressure is consequently obtained by the equation of p = Ig;/dx and
calculated values are plotted in Fig. 12.

3. LCO; Flow in the Disposing Pipe

3.1 Change of state of LCO; in the pipe

LCOz is introduced to the deep sea through the pipe, whose state is governed
by the saturation pressure and the static pressure corresponding to the temperature
in the vicinity of pipe wall up to the static pressure of LCO,, 75.3 ata. After ex-
ceeding this pressure LCO; is the super critical fluid. If the fluid temperature rises
to the pseudo-critical temperature, abrupt changes of physical properties occur
and heat transmission properties change greatly. These characteristics are expressed
in the following flow chart.
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Fig. 10. Pressure variation of LCO; flow in the disposing pipe.

The distributions of static pressure of LCO; in the pipe and the sea water
pressure are indicated conceptually in Fig. 10. The static pressure is determined
by the specific weight distributions of LCO; by adding to the pressure at the end
of pipe. The static head of LCO; is greater than that of sea water by the amount
of Ap, which in other words, positive pressure difference Ap is required to keep
against sea water head by mean of some throttling devices.

An initial pressure of LCO; at the inlet point of pipe and the specific weight
of LCO; and consequently terminal pressure at the discharge point are controlled
by this throttling devices. Either jet flow having an initial discharge velocity or
forced plume having a different specific gravity with a small initial velocity is
obtained as the discharge flow pattern by the adjustment of this throttling devices.

3.2 Temperature change of LCO; in the pipe

Temperature of LCO; flow is determined by the following energy equation
considering the influence of adiabatic work done by increasing pressure head in
the pipe.



