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Abstract: People are becoming increasingly interested in well-being, which has made scuba diving a popular hobby. Conventional
scuba equipment includes an oxygen mask connected to a tank on the back of the diver. However, scuba equipment is heavy and has a
time limit; therefore, an alternative membrane type is being developed. In this study, a finite element analysis of a membrane cell for
an artificial gill was performed using commercial software. The effects of the horizontal and vertical walls located within the cell were
analyzed. The results showed that with a 20 mm horizontal wall, the maximum velocity increased from 0.157 to 0.159 m/s, an increase
of 1.3%. In addition, the maximum pressure decreased from 11.4 to 11.3 Pa, a reduction of 0.9%. A membrane cell with 10 vertical
walls was also analyzed. The results indicated that the maximum velocity increased by 4.5% to 0.164 m/s and that the maximum
pressure increased by 55.3% to 17.7 Pa. These findings may contribute to the development of a detailed design for artificial gill mem-
branes.

Keywords: Artificial gill, Membrane, Flow analysis, Finite element analysis, Skin scuba, Oxygen tank

1. Introduction pure water is obtained from seawater. The second type is called

As interest in leisure activities grows, skin scuba diving, which a gas separation process, and the third type, which we use in this

study, is called pervaporation. The pore size for this process is

smaller than 10 A.

enables enjoyment in the ocean, is also gaining popularity. The
market for scuba equipment is projected to reach USD 3.4 billion

by 2024 and USD 4.0 billion by 2028, with a growth rate of 4.5% In our research group, Heo reported several studies on separa-

[1]. Furthermore, this equipment is essential for life-saving and tion mechanisms and experiments [3][4]. A recent study focused

L . on the separation characteristics of exhaled gases prepared using
emergency purposes in ships and airplanes.

Classic scuba equipment, which is critical for breathing, com- hollow fiber membranes [3]. Another study discussed the effects

. . of a mixed gas using a multistage passive mixer [4]. Moreover.
prises an oxygen gas tank, a hose, and a mask. However, their & £ gep 4] ’

. .. . . insects can breathe in water using their plastrons, but it is difficult
heavy weight and limited usage time necessitate the development

of alternative methods. One of the no-gas tank types uses a poly- to get sufficient oxygen for humans [S](6]-

. The ideal structure for this breathing apparatus is an artificial
mer membrane. The major component of the new oxygen mask

. fish gill. If realized, it would allow people to use it autonomously
is a membrane that separates oxygen from seawater. Gas ex-

. . . ith itional i hel i ith
change is enabled using a membrane without a gas tank. without additional power in a compact helmet equipped wit

. . gills. Previous studies have dealt with bio-mimicking ap-
A membrane can separate certain substances from one side to

the other. Separation processes can be categorized as follows: (1) proaches, and analyses of the natural organs of fish gills have

liquid-to-liquid, (2) gas-to-gas, and (3) liquid-to-gas [2]. Liquid- been performed. In a fish gill, gas is exchanged using the follow-
to-liquid separation processes include microfiltration, ultrafiltra- ing procedures: (1) dissolved oxygen in river water or seawater

. . . . . is absorbed through the gill, and (2) the carbon dioxide in the
tion, and reverse osmosis, which filter certain materials from one

. . . . body is discharged. To mimic this process, an artificial gill can
side to the other. In microfiltration and ultrafiltration processes, Y & p &

solid particles are filtered, and in the reverse osmosis process, be created using a gas diffusion polymer film [7]. The difference
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in the oxygen concentration enables gas diffusion from the water
side to the gas side. Lee et al. conducted theoretical modeling of
oxygen extraction through an artificial gill, considering con-
sumption by an insect in a limited volume of water [7]. Ning et
al. implemented an artificial gill in a photocatalytic water-split-
ting system that could inhibit hydrogen and oxygen from recom-
bining back to water [8]. Furthermore, Zhen et al. developed a
core-shell structured nickel phosphide (Ni2P) photocatalyst and
incorporated an artificial gill into a photocatalytic water-splitting
system [9]. Nagase et al. attempted to create an artificial gill by
using hollow membrane fibers and optimizing the arrangement
of hollow fibers to enhance oxygen transfer rates from the water
to the air side [10].

However, there are few studies on fluid analysis inside
membrane cells. For the effective design of an artificial gill, the
velocity and pressure through the cell must be calculated to pre-
dict the obtainable oxygen rate. Thus, we believe that it is neces-
sary to perform a finite element analysis of the cell to understand
the flow behavior.

Hence, we developed an artificial gill consisting of a mem-
brane, circulation pump, and mask. Membrane cells are crucial
components that need to be developed systematically. In this
study, finite element analyses were conducted using the commer-
cial software ANSYS. Initially, the impact of a horizontal wall at
the center of the cell was analyzed. Subsequently, the effects of
the vertical inner walls of the cells were examined. Finally, the

obtained flow velocity and pressure values are discussed.

2. Artificial Gill Membrane Analysis
2.1 System Configuration and Analysis Model

The conceptual design of an artificial gill was composed of a
membrane cell, circulation pump, and mask. Figure 1 illustrates
the configuration of the system. When freshwater moves from
the outside to the membrane cell, air diffusion occurs through the
membrane, as shown in Figure 2. The permeation flux J of oxy-
gen through the membrane was calculated using the following

equation:

1= %) w -y )

where P is the permeability coefficient, / is the membrane
thickness, p,, is the partial vapor pressure on the water side, and
pg is the partial vapor pressure on the gas side [2]. To continu-

ously obtain a certain amount of air, freshwater should be supplied at
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Figure 2: Working principle of an artificial gill

the desired value. Therefore, it is essential to calculate the pres-
sure and flow velocity values on each side to design the cell ap-

propriately.

2.2 Analysis Methods

Initially, the effect of a horizontal wall located at the center of
the cell was examined. Next, we analyzed the effects of the ver-
tical inner walls that were also present in the cell. The finite ele-
ment method (FEM) was used for the analysis. A fluid 141 ele-
ment was selected in ANSYS. A model with a given boundary
condition is shown in Figure 3 (a), and its dimensions are shown
in Figure 3 (b).

The analytical conditions are listed in Table 1. The membrane
cell was cylindrical in shape; therefore, for simplicity of analysis,
the membrane cell was modeled two-dimensionally and axis-
symmetrically. The material properties of the water used for the
analysis are listed in Table 2.

The water flow entered the inlet with a velocity V; of 0.1 m/s,
and after the gas exchange process, it exited through the outlet with
a pressure P2 of 0 MPa. The FEM employs three governing equa-
tions: (1) continuity, (2) momentum, and (3) energy [12]. The
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Figure 3: (a) Meshed model of the membrane cell and (b)

it’s dimensions

Table 1: Analysis conditions

Item Value |
Fluid 141,
Two-dimensional,
Four node quadrilateral
1.67 mm X 1.67 mm
3,526

Element type

Grid size
Nodes

Table 2: Material properties of a water at 20 T [11]

Item Value |
p, Density 998 kg/m?
u, Viscosity 0.001 kg/ m-s

first continuity equation is as follows [11]:
a2 Kl LI
2+ 2 () + 35 (pv) + 5 () = 0 @)

where t is the time and u, v, and w denote the velocities in the

x, Yy, and z directions, respectively. Assuming a steady state,

two-dimensional analysis and an incompressible fluid, Equation

(2) can be simplified as:

ou  O0v
oy 0 3)
The second momentum equation of the incompressible condi-

tion, is as follows:

av
pg—Vp +uviV =p— €)

where g is gravity, p is pressure, and V is the velocity vector.

The final energy equation is as follows:

pey e = KV?T + @ @

where c,, is a specific heat at a constant pressure, k is the ther-
mal conductivity, and ® is a viscous-dissipation function, de-

fined as:

o=u(2(2) +2() + (45 ®

3. Results and Discussion

3.1 Horizontal Wall Effect Analysis

The initial analysis of the basic model for the horizontal wall
effect reveals the velocity and pressure results displayed in Fig-
ures 4 (a) and (b), respectively. Subsequently, the inner wall
thickness was increased to 10 mm. The obtained calculation re-
sults for the pressure and velocity are depicted in Figures 5 (a)
and (b). At last, the barrier thickness was further increased to 20
mm. The results are shown in Figures 6 (a) and (b). Conse-
quently, the maximum velocity increased from 0.157 to 0.159
m/s, which is a 1.3% increase, as shown in Figure 7. In addition,
the maximum pressure decreased from 11.4 to 11.3 Pa, a reduc-
tion of 0.9%. The volumetric flow rate Q can be calculated as fol-

lows:
Q=V, A (6)

where V,, is the flow velocity and A is the inlet area [9]. In this
analysis, the inlet area and velocity V; (as shown in Figure 3(b))
were the same; therefore, the volumetric flow rates were also the
same.

The analysis results indicate that to maintain the same Q value,
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Figure 4: FEM analysis results of (a) the velocity and (b) the
pressure of the membrane cell
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Figure 6: FEM analysis results of (a) the velocity and (b) the

pressure for a 20 mm horizontal wall
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Figure 7: Analysis results graph: Height vs. Velocity, Pressure

the maximum velocity increases, whereas the maximum pressure

decreases for increased horizontal barriers.

3.2 Vertical Walls Effect Analysis

Subsequently, the effects of vertical inner walls were analyzed.

The actual membrane cell was filled with hollow fiber mem-

branes. Therefore, vertical walls were required for safe perfor-

mance. In this analysis, 10 vertical walls were modeled and cal-

culated using the procedures described in the previous section.
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Figure 8: FEM analysis results of (a) the velocity and (b) the

pressure with inner vertical walls

The velocity and pressure results are shown in Figures 8 (a)
and (b), respectively. They showed that the maximum velocity
increased by 4.5% to 0.164 m/s and that the maximum pressure
increased by 55.3% to 17.7 Pa, compared to the basic model of
Figure 4 (a). These results imply that many obstacles accompany
both the maximum velocity and pressure increases.

There are two main points to this analysis. One is the gas ex-
change rate, and the other is the pump capacity. To achieve an
effective gas exchange rate, a certain velocity range should be
maintained. In contrast, a lower pressure is preferred at the point
of the pump. Thus, the optimal dimensions need to be determined

through proper experiments in future studies.

4. Conclusion

In this study, we conducted a finite element analysis of a mem-
brane cell designed for an artificial gill. The effects of both hori-
zontal and vertical barriers were examined. Initial analyses fo-
cused on how the length of the horizontal barrier affects flows,
showing that a 20 mm barrier length increases the maximum ve-
locity by 1.3%, from 0.157 to 0.159 m/s. Concurrently, this
slightly reduced the maximum pressure by 0.9%, from 11.4 to

11.3 Pa. These results indicate that the maximum velocity in-
creased and that the maximum pressure decreased when the
length of the horizontal wall increased.

Furthermore, a membrane cell with 10 vertical walls was ana-
lyzed. As a result, the maximum velocity increased by 4.5% to
0.164 m/s, and the maximum pressure increased by 55.3%to 17.7
Pa, compared to the basic model with no wall. These results in-
dicate that the maximum velocity and pressure increase were
caused by an increase in the vertical walls. Hence, an artificial

gill membrane can be effectively designed in greater detail.
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