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            Abstract
          
        

        
          Dissolved oxygen can be used for underwater respiration. By injecting prepared mixed gases with the characteristics of exhalation into water and then separating the dissolved gasses through hollow fiber membranes, the separation amount of gases with oxygen can be increased. In this study, we propose a method of increasing the separation amounts of gases dissolved in water through a separator with hollow fibers by injecting prepared mixed gases with the characteristics of exhalation into water, and then separating the dissolved gases from the fluid passing through a passive mixer composed of multiple plates with evenly spaced small holes in the radial direction. After the prepared mixed gases were injected into the water, the mixed gases in the form of large bubbles were transformed into fine bubbles while passing through the fine-holed plates in multiple stages. The separation amount of gases through membranes was increased by enlarging the gas-liquid contact area by decreasing the bubble size. These results are expected to be beneficial for the development of portable underwater breathing devices owing to the high separation amount of dissolved gases in water by supplying mixed gases with fine bubbles through power-free mixing.
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      1. Introduction
      While humans can breathe freely in air, an additional device is required to assist with their breathing under water. Typically, humans breathe under water with the help of a compressed air reservoir. However, owing to the limited size of the reservoir, the time spent under water is limited.

      Breathing under water using the oxygen dissolved in water can increase the duration of breathing under water. Some insects use the hair on their bodies to obtain oxygen from water [1]. Even if they are submerged under water, they can survive for a certain duration by extracting the oxygen dissolved in the water. The diameter, spacing, length, and contact angle of the hair vary from insect to insect. The interface between the water and gas is formed between the hairs, and the area of the interface changes depending on the depth of water. As the depth of the water increases, the area of the interface and the amount of gas exchange through the gas-liquid interface increase. However, at significantly large depths, the interface collapses. In other words, the characteristics of the diameter, spacing, and contact angle of these hairs limit the maximum depth of the interface. In contrast, when the depth is small, the underwater pressure decreases and the area of the gas-liquid interface decreases, thereby reducing the inflow of oxygen.

      Fish can freely breathe in the dissolved oxygen in water through their gills, which have a structure that can effectively extract the dissolved oxygen in water. Gills are composed of arches and filaments, which contain numerous lamellas. When the gills come in contact with water through the lamellas, they extract oxygen and release carbon dioxide. The spacing between the lamellas is related to the power of 1/2 the lamellar length and the power of 1/6 the fish mass [2].

      Theoretical models and experimental results of oxygen partial pressure, gas permeability, surface area, and membrane thickness have been presented in the literature [3]. As a result of the analysis of the models, when water without oxygen is supplied to the outside of a membrane in the presence of air inside the membrane, the oxygen concentration inside the membrane decreases. In this state, when oxygen-rich water is supplied to the outside of the membrane with oxygen-deficiency within the membrane, the oxygen concentration inside the membrane increases. When there is a difference in the oxygen concentration between the inside and outside of the membrane, oxygen movement can be observed owing to the concentration gradient. This suggests that as the thickness of the membrane decreases, the oxygen transport rate increases. Through experimentation, a trend similar to that of the theoretical model was observed. It was also observed that increasing the contact area of the interface caused the oxygen movement rate to increase.

      By reducing the thickness of the membrane and increasing the contact area at the interface, the oxygen movement can be increased. However, because the amount of dissolved oxygen in water is limited, numerous membranes are required to supply the amount of oxygen needed by humans. To minimize the size of the device that can be used by humans, the use of exhalations is found to be effective [4].

      In this study, we proposed a method to increase the separation amount of gases, including oxygen dissolved in water, by increasing the contact area between the gas bubbles and water through power-free mixing. Because water contains limited amounts of oxygen, large amounts of water and separation elements are required to increase the separation amount of dissolved oxygen. To supply the necessary amounts while carrying a person, there is a limit to the size of the separation system. Therefore, an efficient separation system is required, and the use of exhalation is considered as a suitable method. It is possible to minimize the size of the separation system by effectively using the oxygen contained in the exhaled breath. After supplying the prepared mixed gases with the characteristics of exhalation into the water, the fluid maximized the contact area between the gas and liquid by reducing the diameter of the mixed gases while passing through several disks with multiple holes in the radial direction. The separation amount of gases was increased by separating the gases through the separation device from water with an increased gas-liquid contact area.

      The technology of using dissolved oxygen in water can be applied to fuel cells used as power sources in water [5]. This technology can also be applied to the measurement of radon, a radioactive substance that exists in a dissolved form in water [6].

    

    

  
    
      2. Experimental
      The experimental device is configured as shown in Figure 1(a), and it is composed of the prepared mixed gases, hollow fiber membranes, a mixer, a vacuum pump, and a measuring instrument. After injecting the prepared mixed gases into water, it was uniformly mixed while passing through the mixer and then supplied to the hollow fiber membranes. The gases contained in the water were separated through the hollow fiber membranes using a vacuum pump. The amounts of separated gases were measured by increasing the amount of mixed gases and supplied water.

      
        
        

        Figure 1: 
				
        

        
          Outline for (a) the separation system of dissolved gases with small-sized bubbles and (b) a passive mixer
        
        

        

      

      A passive mixer that did not use power was used, and as shown in Figure 1(b), the prepared mixed gases and water were mixed while passing through the plates with multiple holes in the radial direction in multiple stages. The hollow fiber membranes were acquired from a Liquicel company, and their specifications were listed in Table 1. The components of the prepared mixed gases were prepared by considering the characteristics of the exhalations. The prepared mixed gases were supplied to the passive mixer at 1, 2, 3, 4, and 5 L/min.

      
        Table 1: 
				
        

        
          Specifications for the membrane used in the separation system
        
        

      

      
        
          
            	Name
            	Spec.
          

        
        
          	Material
          	Polypropylene
        

        
          	Potting materials
          	Epoxy
        

        
          	Surface area(m2)
          	8.1
        

        
          	Porosity(%)
          	~25
        

        
          	OD/ID (μm)
          	300/200
        

        
          	Shell side volume(L)
          	1.26
        

        
          	Lumen side volume(L)
          	0.61
        

        
          	Height(mm)
          	512
        

        
          	Diameter(mm)
          	116.1
        

      

      

      Tap water was supplied to the mixer by increasing the rate from 10 to 40 L/min. A self-made vacuum pump was used to separate the dissolved gases from water, and the flow rate and pressure of the separated gases were measured during operation.

    

    

  
    
      3. Results and Discussions
      Figures 2(a), (b), (c), (d), and (e) showed the amounts of gases separated when the prepared mixed gases at 1, 2, 3, 4, and 5 L/min were injected while water was supplied at flow rates of 10, 20, 30, and 40 L/min, respectively. Figures 3(a), (b), (c), (d), and (e) showed the vacuum pressure when the gases were mixed into the water at 1, 2, 3, 4, and 5 L/min for water flow rates of 10, 20, 30, and 40 L/min, respectively. Figures 4(a), (b), (c), and (d) showed the amount separated from the membrane and the vacuum pressure when the prepared mixed gases were mixed with water at 1, 2, 3, 4, and 5 L/min for water flow rates of 10, 20, 30, and 40 L/min, respectively.

      
        
        

        Figure 2: 
				
        

        
          Flow rate of gases separated from water with (a) with 1 LPM, (b) 2 LPM, (c) 3 LPM, (d) 4 LPM, and (e) 5 LPM of prepared exhalation gases
        
        

        

      

      
        
        

        Figure 3: 
				
        

        
          Vacuum pressure requested for gas separation from water mixed with (a) 1 LPM, (b) 2 LPM, (c) 3 LPM, (d) 4 LPM, and (e) 5 LPM of prepared exhalation gases
        
        

        

      

      
        
        

        Figure 4: 
				
        

        
          Vacuum pressure and flow rate of separation of gases for (a) 10 LPM, (b) 20 LPM, (c) 30 LPM, and (d) 40 LPM of supplying water
        
        

        

      

      As shown in Figure 2, the amount of separated gases increased as the amount of prepared mixed gases injected into the water increased. When the amounts of water supplied were low, it could be observed that the separation of gases increased as the amount of the prepared mixed gases injected into the water increased, but the relative increase rate decreased. This meant that some gases were not separated from the separator and were discharged to the outside along with the discharged water. As the amount of incoming water increased, the amount of separated gases increased. The amount of separated gases was affected by the state of the prepared mixed gases and the injected water. When the separated amounts of gases were proportional to the amounts of gases in the prepared mixed gases, the bubbles were uniformly distributed under a certain size. When large-sized air bubbles were present, some air bubbles were not separated in part and were discharged together with water in the presence of air bubbles through the outlet. This meant that they were discharged to the outlet without separation. There was a loss in terms of the separation amounts. To increase the rate of separation, it is necessary to mix the gases with water in the form of small bubbles. Therefore, these results showed that the power-free mixer effectively produced small-sized bubbles and increased the contact area between the bubbles and water.

    

    

  
    
      4. Conclusion
      Prepared mixed gases were mixed with water and supplied to a membrane for separation. The prepared mixed gases dissolved in water were passed through several plates with multiple holes in the radial direction, appearing in the form of small bubbles. For the same amount of supplied water, as the amounts of prepared mixed gases increased, the amounts of gases separated through the membranes also increased. However, when the amount of supplied water was small, even when the prepared mixed gases were dissolved in water, the increase in the separation amount was limited. This implied that certain amounts of the prepared mixed gases were discharged to the outlet while remaining dissolved in water without being separated. Thus, an appropriate ratio between the amount of water and the amount of gas mixture to be dissolved needs to be considered. As the amounts of prepared mixed gases and supplied water increased, the amounts of separated gases also increased. Therefore, when water in form of small bubbles is supplied through passive mixing, the electric consumption can be reduced compared with that when mixing using a motor, and is thus favorable for the miniaturization of the underwater breathing apparatus.
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