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Abstract 
Mass transfer behavior of CO2 from liquid CO2 drops under simulated deep-sea 
conditions has been studied in a laboratory scale experimental apparatus. Liquid CO2 
was injected into the water of high pressure ( p > 50 bar) and low temperature ( T < 288 
K) conditions through a nozzle. After injection, liquid CO2 drop of several mm diameter 
formed in the water phase. The diameter of the drop decreased with time due to the 
dissolution of CO2 to the water phase. The interphase mass transfer rate could be 
expressed in terms of the overall mass transfer coefficient, kov, as follows,  
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where CL and Cw are the concentrations of CO2 in the drop, and in the ambient water, 
respectively. /dr/dt/ is the decreasing rate of the CO2 drop diameter. The overall mass 
transfer coefficient depended on the temperature, the pressure, the flow rate of the 
ambient water, and the existence of CO2 hydrate film. Formation of the CO2 hydrate 
film depended on the injection conditions of liquid CO2. In some cases, no hydrate 
formation was noticed during the experiment even the thermodynamic conditions of 



 

 

hydrate formation (p > 50 bar and T < 283 K) were satisfied. In these cases, the mass 
transfer coefficient was about one order magnitude higher than the cases with the 
hydrate film under the same conditions. For the cases with hydrate film, the mass 
transfer coefficient slightly increased with an increase in the temperature and the 
ambient flow rate, but decreased with the pressure. The results would provide the basic 
information for the fate of the liquid CO2 disposed of in the deep ocean, and 
consequently the environmental impact caused by the CO2 disposal process as a 
counteraction to global warming. 
 
Introduction 

Ocean sequestration of CO2 has been widely recognized as an effective 
counteraction to global warming [1], [2]. In this scenario, CO2 emitted by concentrated 
sources such as thermal power plant and steel industry would be separated and collected 
from flue gas. The CO2 thus captured would be disposed of in the ocean. The ocean 
sequestration scenarios could be categorized into several types in terms of the form of 
disposed CO2: dissolution of gaseous CO2 in the shallow waters (< 500 m), dissolution 
of liquid CO2 in the mid waters (500 to 1000 m), deep sea sequestration in the form of 
liquid CO2 ( > 3000 m), or in the form of solid like dry ice or CO2 hydrate particle. The 
choice of the proper scenario may depend on the cost, energy consumption as well as 
the potential impact to the marine ecosystem both in short and long terms. 

To estimate the environmental impact caused by the CO2 disposed of in the 
ocean, the mass transfer behavior of CO2 under the condition of the ocean should be of 
primary importance. The hydrate formation could make the situation more complicated. 
For the majority of the disposal scenarios, the disposal depth is deeper than 500 m. 
Under such conditions of high pressure (> 44.5 bar) and low temperature (< 283 K) [3], 
CO2 would form CO2 hydrate with water, which in turn may significantly affect the 
mass transfer behavior of CO2.  

The mass transfer behavior of CO2 under deep-sea conditions has been studied 
by several authors [4]-[10]. From the laboratory simulation on the behavior of liquid 
CO2 in the ocean, the discharged liquid CO2 would form drops that are covered by a 
thin film of CO2 hydrate. The interphase mass transfer of CO2 may significantly be 
affected by the hydrate film shown by several authors. However, the previous studies 
are limited to the conditions for without ambient flow or with ambient flow at low flow 
rate regions. Considering the real ocean conditions, more systematic study is needed for 
wide range of the flow rate. Therefore, the target of the present study was to collect 
experimental information on the behavior of CO2 drops in a wide range of ambient flow 



 

 

conditions. In this study, two types of experiments were conducted: mass transfer from 
suspended liquid CO2 drops, and mass transfer from CO2 drops under forced flow 
conditions. The former experiments correspond to mass transfer from a buoyant CO2 
drops. The experimental results were analyzed, and correlation equations were obtained 
based on the results.  
   
Experimental 
Experimental system 

Figure 1 is an experimental apparatus. The main part of the experimental 
system was a tapered polycarbonate tube, of which the inner diameter was 40 mm at the 
top and 60 mm at the bottom. The length of the tube was 200 mm. The maximum 
bearing pressure of the tube was 300 bar. The main part was connected to a water 
circulation system that was driven by a high-pressure pump, which could generate water 
flow up to 6.4 L/min. The pressure control of the system was conducted by a 
piston-type pressure regulator in the range of ± 0.3 bar of the target value. The 
temperature of the system was controlled with an accuracy of ± 0.3 K through a heat 
exchanger installed in the circulation system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
1.Polycarbonate tube; 2.CO2 injection nozzle; 3.Flow stabilizer; 4.Pressure gauge; 5.Needle valve; 

6.high-pressure pump; 7.Thermal bath; 8.Heat exchanger; 9.CO2 cylinder; 10.Thermometer; 11.Flow rate 

transducer; 12.Water tank; 13.Piston pump with pressure controller; 14.CCD camera. 

Fig. 1 Schematic diagram for the experimental apparatus. 
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Results and Discussions 
Mass transfer of CO2 from buoyant liquid CO2 drop-Low Reynolds number region 
Method 

The mass transfer process of CO2 from liquid CO2 drop was conducted as 
follows. First, the total system was filled with water at an atmospheric pressure. Next, 
the whole system was pressurized to a certain value, which we call the initial pressure 
hereafter. The liquid CO2 was then injected from cylinder to the system through a 
nozzle at the bottom of the main part of the experimental system. The injection pressure 
was 65 bar, which was equal to that of CO2 in the cylinder. The nozzle diameter was 2 
mm. Upon injection of liquid CO2, the system pressure was controlled through the 
pressure controlling system, and the water circulation was started at a given flow rate. 
Two types of experiments were conducted: mass transfer from suspended liquid CO2 
drops, and mass transfer from liquid CO2 drops at constant flow rate. For the former 
case, the flow rate was controlled so that the buoyancy of the drop was balanced by the 
drag force by the counter flow. For the latter case, the liquid CO2 drop was stopped by a 
metal net at the top of the observation part. The behavior of the drop, that is the 
shrinking rate, was recorded by a digital CCD camera, and the captured image was 
analyzed by PC. The formation of CO2 hydrate film was controlled by the initial 
pressure before the injection of CO2. When the initial pressure was higher than 31 bar, 
the hydrate film was not formed even the pressure and temperature conditions were in 
the hydrate formation region. On the other hand, the initial pressure was lower than 19 
bar, the hydrate film was formed immediately after injection. No clear tendency was 
observed for the hydrate film formation when the initial water pressure was from 19 to 
32 bar. 
 
Results and Discussions 

Figure 2 shows a typical time course of drop diameter change of CO2 drop. The 
drop was covered with hydrate film; the temperature was 278 K, and the pressure was 
55 bar. The drop diameter decreased with time due to dissolution of CO2 in water. 
Similar results were obtained for other conditions. Such shrinking processes could be 
expressed by the following material balance equation (1). 
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where r is the droplet radius, kov is the overall mass transfer coefficient; C0, Cs, and Cw 
are the concentration CO2 in the drop, at the surface of the drop, and at the bulk water, 
respectively. Since C0≫Cw, Eq. (1) can be rearranged to 



 

 

|dr/dt| ≈ kov                  (2) 
Equation (2) indicates that the overall mass transfer coefficient approximately equals to 
the shrinking rate of the CO2 drop. The drop diameter linearly decreased with the 
suspension time, which indicating a constant mass transfer coefficient during the 
dissolution process. Figure 3 shows effect of temperature on the overall mass transfer 
coefficients. The overall mass transfer coefficient increased with an increase in the 
temperature for both cases with and without hydrate film. For a given temperature, 
overall mass transfer coefficient with hydrate film was one order of magnitude smaller 
than that without hydrate film. On the other hand, for a given temperature, the overall 
mass transfer coefficient decreased with an increase in the pressure as shown in Figure 
5.  
 
 
 
 
 
 
 
 
 
Figure 3 Time course of drop diameter covered with hydrate film, Temperature = 278 K, Pressure = 

55 bar. 
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Fig. 5 Effect of pressure on the drop 

shrinking rate with hydrate film 

(Temperature 278 K). 

Fig. 4 Effect of temperature on the drop

shrinking rate with and without hydrate

film (pressure=55 bar). 



 

 

Mass transfer of CO2 from liquid CO2 drop under flow conditions- High Reynolds 
number region 
Methods 

In this case, the ambient flow rate was kept constant during the dissolution 
process of drops. With the decrease in the drop diameter, the position of the drop drift. 
To keep the drops in the observation section, a metal mesh was at the top of the 
polycarbonate tube. The same procedure was applied for preparing with/without hydrate 
film conditions.   
Results and Discussions 

Figure 6 shows the results for the mass transfer coefficient as a function of 
Reynolds number (based on the drop size). The Reynolds number in this study was 
defined based on the drop diameter. Since the drop diameter changes constantly, the 
results shown in Figure 6 is average values for 3 to 5 min interval. The mass transfer 
coefficient increased with an increase in Reynolds number. The dependence of the mass 
transfer coefficient can be correlated with the following equations for the case of liquid 
drops without hydrate formation.  

290.077 Re 1048.71097.1 −− ×+×=Lk     (3) 
where mass transfer coefficient in the boundary layer of water phase kL was obtained by, 

LOV k
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=        (4) 

assuming the mass transfer resistance for the dissolution process is concentrated in the 
boundary layer. C* is the equilibrium concentration of CO2 in the water phase.  
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Figure 6  Overall mass transfer coefficient as a

function of Reynolds number. 
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Figure 7  Mass transfer coefficient for the

hydrate layer as a function of Reynolds number. 



 

 

 For the mass transfer process with hydrate film, a series resistance model is 
proposed; the mass transfer resistance for CO2 from the drops is assumed to be 
composed of; (1) mass transfer in hydrate film, kh, (2) formation and dissociation of 
hydrate film at the interface of hydrate film and water, (3) mass transfer in the diffusion 
boundary layer in the water phase, kL. The mass transfer flux is given by,  
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It is assumed that hydrate formation and dissociation equilibria are assumed both at the 
interfaces of hydrate film/ water, and the liquid CO2/ the hydrate film. The equilibrium 
concentration of CO2 at the interface of CO2 and hydrate would be the value Ch1 
corresponding to the maximum occupancy of CO2 molecules in the hydrate lattice (CO2 
+ 5.75 H2O), because enough amount of CO2 should be always supplied from the drop 
phase (Ch1 = 7.69 kmol/m3) [11]. The equilibrium concentration of CO2 at the interface 
of hydrate and water phase depends on the phase. The CO2 concentration at the 
interface of the hydrate and water phase should be the one (Ch2=4.80 kmol/m3) 
corresponding to the critical CO2 occupancy which can stabilize the hydrate structure, x 
= 0.099 [11]. Although the CO2 at the interface of water and hydrate is supersaturated, 
we assume a simple relationship between Ch2=Ci, where Ci is the CO2 concentration at 
the interface in water phase. 

To estimate the contributions from each mass transfer resistance, it was 
assumed that the mass transfer coefficient in the water phase equals to the one without 
hydrate film for the same Reynolds number condition. Thus, kL, and kh could be 
obtained as a function of Reynolds number. Figure 7 shows the results for the Reynolds 
number dependency of kh. The mass transfer coefficient through the hydrate film 
increased with an increase in the Reynolds number. Since the mass transfer coefficient 
through the hydrate film is given by, 
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where Dh is the diffusion coefficient of CO2 in the hydrate film, δ is the thickness of the 
hydrate film. The increase in the mass transfer coefficient with an increasing Reynolds 
number suggests that the hydrate film thickness decreases with the flow rate. The 
absolute value of the mass transfer coefficient is in the range of 10-6 m/s.  
 
 



 

 

Mass transfer of CO2 in seawater 
Figure 8 shows the overall mass transfer coefficients as a function of Reynolds 

number. No large differences were observed for pure water cases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions 

Experimental studies on the mass transfer of CO2 from liquid CO2 drops were 
conducted in simulated deep-sea conditions. The mass transfer rate was obtained as 
mass transfer coefficients as a function of Reynolds number. It was found that the 
hydrate film on at the surface of liquid CO2 drops significantly reduced the mass 
transfer rate.  
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Figure 8  Overall mass transfer coefficient as a function of

Reynolds number in artificial seawater. 
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