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Abstract: Underwater weapon systems with reforming fuel cells have been developed to increase the
number of possible days that the former can be submerged. Reforming hydrocarbons generate a large
quantity of carbon dioxide gas that must be completely dissolved in water and released. In this study,
the mass transfer coefficient was derived experimentally while changing the process variables that
affect mass transfer, such as bubble size, presence/absence of an inline mixer, retention time, pressure,
and solvent type. It was found that retention time was most affected, followed by type of solvent,
presence/absence of the inline mixer, and bubble size. In addition, by reducing bubble size and
retention time and applying an inline mixer, the effect can be like that dissolved at high pressure even
at low pressure. Applications of this study are expected to reduce the size of underwater weapon
systems. Therefore, further studies on increasing the power consumption of underwater weapon
systems due to reduction of bubble size and the application of inline mixers should be conducted.

Keywords: air independent propulsion system; underwater weapon system; hydrocarbon reforming;
carbon dioxide; mass transfer; mass transfer coefficient; multiple bubble; dissolution

1. Introduction

Underwater weapon systems equipped with air independent propulsion (AIP) have been
constructed recently to increase their submerged operation period [1]. AIP systems using reformed
fuel cells, which supply hydrogen to fuel cells by reforming hydrocarbons, have the advantage
of continuously producing more hydrogen compared to the metallic alloy currently used to store
hydrogen [2]. However, reforming hydrocarbons has the disadvantage of generating a large amount of
carbon dioxide [3]. The carbon dioxide generated in an underwater weapon system must be stored
within the underwater weapon system itself or discharged outside. If the latter is done with no
processing or refinement, the bursting bubbles generate noise that can be detected by opponents.
Therefore, the carbon dioxide must be fully dissolved in the sea water before being discharged [4].

Many studies have been conducted on the dissolution and absorption of carbon dioxide.
Harun et al. [5] modeled and compared the Mono Ethanol Amine (MEA) absorption process to
capture carbon dioxide generated from coal-fired thermal power plants through dynamic simulation
using Aspen Plus and gPROMS. Pao Chi Chen et al. [6] used a continuous bubble column scrubber to
absorb carbon dioxide generated from coal-fired power plants. They evaluated the effects of operating
temperature, pH, and gas-liquid flow on the carbon dioxide absorption efficiency and total mass
transfer coefficient in a NaOH solution and derived the optimal design variables for the scrubber.
To capture and store carbon dioxide in combustion gas generated from fossil fuel power plants,
Mohammad et al. [7] evaluated the carbon dioxide removal rate while changing the MEA concentration,
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stripper operation pressure, and operating temperature. Carderbank and Rochiel [8] experimented
on mass transfer according to the size of single bubble. Liu et al. [9] researched the dissolution and
diffusion of carbon dioxide in sea water and distilled water at various temperatures and pressures
to store carbon dioxide in the ocean. In terms of carbon capture and storage (CCS) of combustion
gas generated from power plants, most previous studies evaluated the carbon dioxide absorption
rate using a chemical absorbent or researched the carbon dioxide dissolution characteristics in a
single bubble. However, it is difficult to apply the results of previous studies here because the carbon
dioxide generated from underwater weapon systems is under different temperature and pressure
conditions than the carbon dioxide gas generated from power plants, further, for the weapon systems,
the carbon dioxide rarely occur as single bubbles. Therefore, fully dissolving multiple carbon dioxide
bubbles generated from an underwater weapon system in sea water with no chemical absorbent is very
important for the safety and proper functioning of the weapons. In the present study, the dissolution
characteristics of carbon dioxide were analyzed while changing the process variables that affect mass
transfer and the optimal combination of process variables was derived.

2. Theory

Carbon dioxide is dissolved in water by the gas–liquid mass transfer phenomenon. To determine
the rate of dissolution of carbon dioxide, it is essential to derive an appropriate gas–liquid mass transfer
coefficient [10]. The mass transfer coefficient is an indicator for how quickly materials are diffused and
transferred at the gas–liquid interface. Ranz and Marshall (1952) defined the mass transfer rate of a
single bubble in liquid as follows [11]:

.
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where db is the diameter of the gas bubble, kl
i is the mass transfer coefficient of gas bubble i in liquid,

Csol
i is the solubility of gas bubble i in liquid, and Cl

i is the concentration of gas bubbles in liquid.
By applying Henry’s law on the solubility of gas bubbles, we can define the mass transfer rate as
follows [12]:
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where Pi is the partial pressure of the gas bubble and Hi is the Henry constant of gas.
As can be seen from Equations (1) and (2), the mass transfer rate between gas and liquid is

proportional to the bubble’s contact area, mass transfer coefficient, and concentration difference.
Wing and John [13] derived the diffusion coefficients of N2, O2, and CO2 when the gas bubble

size was constant in water at 25 ◦C. The rate of dissolution can be defined as Equation (3).

V =
4παC0D
ρ

·t, (3)

where C0 is the initial concentration of the gas, D is the diffusion coefficient of the gas in the liquid, V is
the rate of solution of the gas from the bubble. The rate of dissolution is proportional to the radius of
bubble (α) and retention time (t).

Higbie [14] defined the mass transfer coefficient of pure gas as follows:
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where k is the mass transfer coefficient, Re is the Reynolds number, Sc is the Schmidt number, ρl is the
density of liquid, ub is the slip velocity of the bubble, and µl is the viscosity of the liquid.

The mass transfer coefficient is dependent on Reynolds number, Schmidt number, diffusivity, and
bubble diameter.

Liu et al. [9] experimented on the dissolution and diffusion process of a single CO2 bubble in sea
water and pure water and found that the extinction speed of a bubble is faster if the pressure is higher,
the solvent is pure water, and the initial bubble diameter is smaller. Carderbank et al. [8] derived
the rate of solution, shape, and mass transfer coefficient of CO2 bubbles in distilled water through
experiments. These previous studies show that the variables affecting mass transfer include pressure,
bubble size, retention time, concentration difference, and solvent type.

Therefore, in this study, the dissolution behavior of CO2 was analyzed while changing the
variables affecting mass transfer such as pressure, bubble size, retention time, concentration difference,
and solvent type, and derived the mass transfer coefficient through experiments.

3. Experimental Apparatus and Methods

3.1. Experimental Apparatus

Figure 1 shows the process flow diagram (PFD) of the gas injection and separation experiment
to fully dissolve carbon dioxide generated after reforming hydrocarbons produced by underwater
weapon systems. The experimental equipment consists of a mass flow controller (Line Tech, Daejeon,
Korea) (MFC) for deciding the injection flow rate of gas, a water storage tank, a constant temperature
bath for maintaining a constant water temperature inside the tank, a pump for circulating water,
a porous filter for deciding the initial bubble size, an inline mixer for strengthening the turbulent flow to
increase the concentration difference, a pipe for increasing the retention time, a separator for separating
the dissolved gas and the undissolved remaining gas, a flow meter for measuring the undissolved gas,
an instrument and control valve for controlling the process variables (pressure, temperature, and flow
rate). The inner parts of the pipe and separator were flushed with N2 gas while CO2 was used as the
experimental gas. Table 1 lists the detailed specifications of the experimental equipment.

The solvents used in this experiment were sea water and distilled water (99.9%). The artificial sea
water was produced in accordance with ASTM-D1141-98 [15]. Table 2 outlines the composition of the
artificial sea water used in this experiment [15].

1 
 

 

1. Figure 1. CO2 injection and separation system process flow diagram (PFD).
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Table 1. Specifications of equipment.

Item List Specification

Type of Gas N2, CO2 (>99.9% purity)

Tank 70(W)*77(L)*68(H)

Water Bath 5–96 °C

MFC (N2) 0–0.25 SLPM

MFC (CO2) 0–25 SLPM

Pump VFD Type

Porous Filter Grade 10 µm, 30 µm

Inline Mixer 1/2“(Clear PVC)

Pipe 40 A

Flow Control Valve 40 A, Equal%, Cv: 3.60

Pressure Control Valve 20 A, Linear, Cv: 0.02

Level Control Valve 40 A, Equal%, Cv: 2.00

Pressure Transmitter 0–10 barg

Flow Transmitter 0–25 LPM

Level Transmitter Float Type (Resolution: 12 mm)

Flow Meter Coriolis Type (Measurement Error Mass: 0.5%)

Separator 250 ϕ*1167 H (mm), Side Glass: 50 ϕ, Filter Grade: 300 µm

Table 2. Composition of artificial sea water.

Component Content

NaCl 58.490%
MgCl2-6H2O 24.460%

Na2SO4 9.750%
CaCl2 2.765%
KCl 1.645%

NaHCO3 0.477%
KBr 0.238%

H3BO3 0.071%
SrCl2-6H2O 0.095%

NaF 0.007%

3.2. Experimental Methods

First, the system temperature is maintained at a constant 25 ◦C using the constant temperature
tank; the pump is activated to circulate water to the separator. When the water level inside the separator
becomes constant, the impurities remaining inside the pipe and separator are removed via an injection
of N2. Subsequently, the inlet flow rate of CO2 is adjusted using the MFC and injected through the
porous filter. The CO2 inlet flow rate is 25% of the maximum quantity of CO2 that can be dissolved in
10 L of water as determined using Henry’s law. The H2O-CO2 mixture enters the separator through
the inline mixer and pipe and is separated into dissolved gas and remaining undissolved gas. If the
bubble size is smaller than 300 µm, they cannot be observed at a pressure above 2 barg. Therefore,
a 300 µm mesh is installed inside the separator; bubbles larger than 300 µm escape through the top
and the amount of the undissolved remaining gas is measured by the flow meter. Bubbles smaller
than 300 µm escape through the bottom of the separator and return to the tank [4]. Table 3 defines the
experimental case conditions.
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Table 3. Case definitions.

Solvent
Distilled Water

Sea Water

Solute CO2

Temperature (◦C) 25

Pressure (bara)
3

4

Flow Rate (LPM)
Solvent: 10

Solute: 25% of Maximum Solubility

Bubble Size (µm)
10

30

Inline Mixer
Applied

Not Applied

Retention Time (s)
40

160

In this study, the effect of bubble size, turbulence intensity, and retention time on CO2 mass transfer
were evaluated. As shown in Figure 2, the experimental variables included a porous filter, inline mixer,
and pipes. The filter grade of porous filter was tested to 10 and 30 µm (Figure 2a). Figure 2b shows an
inline mixer for evaluating the effect of CO2 mass transfer on the turbulence intensity. By operating the
three-way valve, it was determined whether or not an inline mixer was applied. To evaluate the effect
of retention time on CO2 mass transfer, the retention time was determined using pipes as shown in
Figure 2c. Retention time means the time from porous filter to separator. If no pipes were used, the
retention time was 40 s, and if all pipes were passed, the retention time was 160 s.

 

2 

 

 

2 
Figure 2. Experimental variables: (a) porous filter, (b) inline mixer, (c) pipes.
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The rate of solution is calculated by the following equation:

.
m =

(
minjected −mresidual

)
t

, (7)

where minjected is the amount of injected gas and mresidual is the amount of undissolved residual gas.
The amount of input gas is determined using the gas flow rate set in the MFC and the amount

of undissolved residual gas is measured by the flow meter. The difference between these two values
is then divided by the retention time to obtain the dissolution rate of the gas dissolved for the given
retention time.

k =

.
m

πd2
b

(
HCO2PCO2 −CCO2

) . (8)

The mass transfer coefficient is derived by Equation (8), where
.

m is the dissolution rate obtained
through experiments according to Equation (7), d2

b is the CO2 bubble diameter, HCO2 is the Henry’s
constant of CO2, PCO2 is the partial pressure of CO2, and CCO2 is the concentration of CO2 in solvent.
The experimental measurement error is lower than 8%. The experimental temperature of the carbon
dioxide and the density according to the experimental pressure used for this calculation were obtained
using the chemical process simulation program Aspen HYSYS V10.

4. Results and Discussions

4.1. Effect of the Bubble Size

Figure 3 compares the mass transfer coefficient according to the bubble size at different pressures.
When the bubble size was 30 µm, the average mass transfer coefficient was 0.077 mm/s at 3 bara and
0.092 mm/s at 4 bara. When the bubble size was 10 µm, the average mass transfer coefficient was
0.099 mm/s at 3 bara and 0.13 mm/s at 4 bara. Thus, when the bubble size decreased from 30 to 10 µm,
the average mass transfer coefficient increased by approximately 21% at the pressure of 3 bara and
approximately 17% when at the pressure of 4 bara.

 

3 

 

3 

 

4 

Figure 3. Comparison of mass transfer coefficients by bubble size.

This is because a smaller bubble size results in a higher number of bubbles, and the larger the
contact area between the bubble and solvent becomes (Table 4).
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Table 4. Number of bubbles and contact areas by bubble size.

Bubble Size Number of Bubbles Contact Area (mm2)

10 µm 6.5 × 106 8204
30 µm 6.7 × 105 7606

4.2. Effect of the Turbulence Intensity

Figure 4 shows how the mass transfer coefficient changes with pressure, both when the bubble
size was fixed at 30 µm and when the inline mixer was applied and when it was not.

 

3 

 

3 

 

4 Figure 4. Comparison of mass transfer coefficients by turbulence intensity.

When the experimental pressure was 3 bara, the average mass transfer coefficient was 0.096 mm/s
with the inline mixer and 0.077 mm/s without it. When the experimental pressure was 4 bara, the
average mass transfer coefficient was 0.14 mm/s with the inline mixer and 0.092 m/s without the inline
mixer. Thus, the average mass transfer coefficient when the inline mixer was applied was higher
by approximately 20% at the experimental pressure of 3 bara, than when it was not applied, and by
approximately 34% at the experimental pressure of 4 bara. This is because the fluid was separated
and the gas-liquid contact area increased when it passed through the elements inside the inline mixer;
the direction of rotation changes for each element, which then forms a turbulent flow and further
accelerates mass transfer. Kim et al. [16] researched how to improve the mass transfer in the process
of absorbing CO2 in a nanofluid; they found that the mass transfer coefficient increased from 5 to
11 × 104 m/s when the Reynolds number increased from 800 to 1600.

4.3. Effect of Retention Time

Figure 5 shows how the mass transfer coefficient changed when the retention times were changed
to 40 and 160 s. At the experimental pressure of 3 bara, the average mass transfer coefficient was
0.077 mm/s when the retention time was 40 s and 0.029 mm/s when it was 160 s. At the experimental
pressure of 4 bara, the average mass transfer coefficient was 0.092 mm/s when the retention time was
40 s and 0.036 mm/s when it was 160 s. Thus, when the retention time was increased from 40 to 160 s,
the average mass transfer coefficient decreased by approximately 62% and 61% at the experimental
pressures of 3 and 4 bara, respectively. When the retention time increases, the solubility also increases
(Figure 6). However, the rate of solution decreases with increasing retention time because it is defined
as the amount of dissolution per unit of time. Therefore, the higher the retention time, the lower the
mass transfer coefficient becomes.
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Figure 5. Comparison of mass transfer coefficients by retention time.
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6 Figure 6. Comparison of dissolution by retention time.

4.4. Effect of the Solvent

Figure 7 compares the mass transfer coefficient of CO2 between distilled water and sea water
under the experimental conditions of a pressure of 3 bara, a bubble size of 30 µm, a retention time of
40 s, and the absence of an inline mixer.

 

5 

 

7 Figure 7. Comparison of mass transfer coefficients by solvent.
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Under these conditions, the average mass transfer coefficient was 0.077 mm/s in distilled water
and 0.11 mm/s in sea water. At an experimental pressure of 4 bara, however, the average mass transfer
coefficient was 0.092 mm/s in distilled water and 0.13 mm/s in sea water. Thus, when solvent was
changed to sea water, the average mass transfer coefficient increased by approximately 27% at 3 bara
and by approximately 29% at 4 bara. This result contrasts those from previous studies, which show
that the CO2 diffusion coefficient is greater in distilled water than in sea water. Table 5 shows that the
diffusivity and Schmidt number are different based on solvent type [9,17]. As seen in Equation (4),
the mass transfer coefficient is affected by diffusivity and Schmidt number; however, the effect of the
Schmidt number is greater than that of diffusivity. Therefore, the mass transfer coefficient in sea water
is greater than that in distilled water.

Table 5. Diffusivity and Schmidt number by solvent.

Solvent
Parameter D (m2/s)

(Liu et al. [9])
Sc

(Wanninkhof [17])

Distilled Water 1.72 × 109 600

Sea Water 1.64 × 109 660

4.5. Discussion

Table 6 outlines the average mass transfer coefficients of carbon dioxide in every experimental
case. Among the retention time, bubble size, with (i.e., W/) or without (i.e., W/O) an inline mixer, and
solvent type, the retention time had the largest effect, followed by solvent type, W/ or W/O an inline
mixer, and bubble size.

Table 6. Average mass transfer coefficients for each case.

Average Mass Transfer Coefficient in Distilled Water (mm/s)

Bubble Size 10 µm 30 µm

Pressure 3 bara 4 bara 3 bara 4 bara

Retention Time 40 s 160 s 40 s 160 s 40 s 160 s 40 s 160 s

W/Inline Mixer 0.099 0.041 0.13 0.042 0.096 0.033 0.14 0.039

W/O Inline Mixer 0.098 0.030 0.11 0.035 0.077 0.029 0.092 0.036

Average Mass Transfer Coefficient in Sea Water (mm/s)

Bubble Size 10 µm 30 µm

Pressure 3 bara 4 bara 3 bara 4 bara

Retention Time 40 s 160 s 40 s 160 s 40 s 160 s 40 s 160 s

W/Inline Mixer 0.17 0.050 0.20 0.056 0.17 0.055 0.21 0.054

W/O Inline Mixer 0.14 0.037 0.16 0.047 0.11 0.050 0.13 0.051

The average mass transfer coefficient at an experimental pressure of 4 bara, bubble size of
30 µm, retention time of 160 s, and without an inline mixer was 0.036 mm/s. The average mass
transfer coefficient at the experimental pressure of 3 bara, bubble size of 10 µm, retention time of 40
s, and with the inline mixer was 0.0997 mm/s. Thus, the average mass transfer coefficient increased
by approximately 64% when the contact area with solvent was increased by decreasing the bubble
size, reducing the retention time, and applying an inline mixer. This means that the same dissolution
effect can be obtained at a high pressure and at a low pressure. Therefore, shortening the storage
time of carbon dioxide in the underwater weapon system by reducing the bubble size, applying an
inline mixer, and decreasing the retention time can have the same effect as reducing the size of the
fuselage. However, further studies on the power requirements of the underwater weapon system are
required because a pressure loss is expected due to the reduction of bubble size and the application of
an inline mixer.
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5. Conclusions

The mass transfer coefficients of carbon dioxide were experimentally derived while the variables
affecting mass transfer were changed to discharge carbon dioxide generated from underwater weapon
systems equipped with reformed fuel cells. The following conclusions were found:

1. When the bubble size decreased from 30 to 10 µm, the average mass transfer coefficient increased
by −21% at the experimental pressure of 3 bara and by −17% at the experimental pressure of 4
bara. This is because the contact area between the solvent and bubble increases as the bubble
size decreases.

2. When an inline mixer was applied, the average mass transfer coefficient increased by
approximately 20% at the experimental pressure of 3 bara and by approximately 34% at the
experimental pressure of 4 bara. This is because the inline mixer accelerates the gas–liquid mass
transfer by strengthening the turbulent flow.

3. When the retention time increased from 40 to 160 s, the average mass transfer coefficient decreased
by −62% at the experimental pressure of 3 bara and −61% at the experimental pressure of 4 bara.
This is because when the retention time increases, the dissolution amount increases, but the rate
of solution decreases because the rate of solution is defined by the dissolution amount per time.

4. When the solvent type was changed to distilled water and sea water, the average mass transfer
coefficient in the distilled water was lower by −27% at the experimental pressure of 3 bara and
−29% at the experimental pressure of 4 bara. This is because the change rate of Schmidt number
according to the change of solvent is larger than the change rate of diffusivity.

5. The same effect as dissolution at a high pressure can be obtained at a low pressure by reducing
the bubble size, increasing the retention time, and applying the inline mixer. Thus, it is expected
that shortening the time that carbon dioxide is stored in the underwater weapon system will
reduce the size of the underwater weapon system.

6. Future studies on the increased power requirements of the underwater weapon system should be
made because a pressure loss is expected due to the reduction of bubble size and the application
of an inline mixer.
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