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Abstract: Onboard air separation devices, based on hollow fiber membranes, are traditionally used for the optimization of aircraft fuel tank inerting systems. In the present study, a set of tests have been designed and executed to assess the air separation performances of these systems for different air inlet temperatures (70°C∼110°C), inlet pressures (0.1∼0.4 MPa), volume flow rates of nitrogen-enriched air (NEA) (30∼120 L/min) and flight altitudes (1.5∼18 km). In particular, the temperature, pressure, volume flow rate, and oxygen concentration of air, NEA and oxygen-enriched air (OEA) have been measured. The experimental results show that the oxygen concentration of NEA, air separation coefficient, and nitrogen utilization coefficient decrease with the rising of air inlet temperature, air inlet pressure, and flight altitude. The effect of air inlet pressure on the above three parameters is significant, while the influence of air inlet temperature and flight altitude is relatively small.
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1  Introduction

Fire or explosion of aircraft fuel systems is one of the main causes of aircraft crashes [1,2]. During the flight once the fuel vapor is mixed with oxygen-enriched air (OEA) in the aircraft fuel tank encounters ignition sources such as electric sparks or external fire attack, it will cause combustion and even lead to explosion [3]. The aircraft fuel tank inerting system uses air separation technology to produce nitrogen-enriched air (NEA), and uses the generated NEA to wash or flush the upper space of the fuel tank, to ensure that the oxygen concentration in the upper space of the aircraft fuel tank is within the safety limit. According to different air separation methods, the nitrogen production technology can be divided into molecular sieve nitrogen production technology and membrane separation nitrogen production technology [4]. Molecular sieve nitrogen production technology uses adsorbents in molecular sieves to adsorb nitrogen and oxygen in the air at different adsorption rates, and separates oxygen and nitrogen by changing the adsorption and analytical pressure through circulation [5]. Membrane separation technology takes advantage of the different permeability of nitrogen and oxygen in the hollow-fiber-membrane and the selective permeability of airborne nitrogen and oxygen to separate oxygen and nitrogen in the air. The membrane separation method is based on the fact that the permeability of membrane materials to different molecular gases is different, and the gas with high permeability is more ready to pass through the membrane wall, and the original gas mixture can be divided into two streams when passing the membrane device. Hollow fiber membrane is widely used in the field of gas separation. Hosseini et al. [6] studied the application of a hollow-fiber-membrance permeator for the separation of O2/N2 mixtures. Choi et al. [7] used a polymer hollow-fiber-membrane to separate sulfur hexafluoride from a nitrogen/sulfur hexafluoride mixture. Roslan et al. [8] investigated the application of a hollow-fiber-membrance in the separation of CO2/CH4 and O2/N2. Raza et al. [9] developed multiple-layer composite CTA/CDA hollow fiber membranes for the separation of CO2/CH4. As shown in Fig. 1, when the air passes through the hollow-fiber-membrane device, it can be divided into two streams, one is nitrogen-enriched air and the other is oxygen-enriched air [10]. Under certain requirements of separation performance, the amount of gas required by the membrane separation system is half of that of the molecular sieve, and the weight and volume of the equipment are smaller than that of the molecular sieve. There are no moving parts in the system, and the life is long and the reliability is high. Therefore, the membrane separation method is mainly used in the onboard nitrogen production system at present [11].
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Figure 1: Schematic of a hollow-fiber-membrane module

As an important numerical simulation means of the fluid behavior [12,13], CFD is gradually applied to the study of air separation characteristics of hollow-fiber-membrane. The hollow-fiber-membrane technology and extraction process were reviewed in [14,15]. Iwai et al. [16] developed a simulation model of the hollow membrane gas separation system and analyzed the separation performance of the system for the air–H2–H2O mixture. Sugiyama et al. [17] established the transient response simulation model of the fiber membrane and used it to analyze the separation effect of tritium gas from the space atmosphere of the fiber membrane module. Ahmad et al. [18] established the mathematical model of hollow fiber membrane, and studied the effects of temperature and pressure on the permeance of the hollow fiber membrane based on the mathematical model. Cai et al. [19] investigated the module design method and its impact of the design fact on the performance of cross-flow hollow fiber membrane contactors with 3D numerical analysis method. Ma et al. [20] used CFD method to simulate the impact of fiber distance and position on the interaction between fibers within a hollow fiber membrane bundle. Lau et al. [21] developed a hollow fiber membrane simulation model, which can be embedded into the commercial software Aspen HYSYS for component level analysis, and this model was also verified by experiments. Ardaneh et al. [22] studied a two-dimensional mathematical analysis model of hollow fiber membrane, and analyzed the hydrogen recovery performance of the industrial hollow fiber membrane module based on the model. Zeng et al. [23] simulated the flow performance of the hollow fiber membrane air separation module based on the software Flowmaster and compared the simulation results with the experimental data. Li et al. [24] investigated the performance of the onboard inert gas generation system with a turbocharger using AMESim software. However, there are few experimental studies on the performance of the onboard hollow fiber membrane module. Cavage [1] developed three different measurement methods of oxygen concentration in the gas phase space of different fuel tanks. Liu et al. [25] conducted an experimental study on the separating performance of the hollow fiber membrane module, and their results showed that the increase of working temperature can significantly increase the production of oxygen-enriched air. Cai et al. [26] conducted numerical and experimental studies on the hollow-fiber-membrane onboard inert gas generation system, and the effect of inlet air parameters on NEA generation capacity was analyzed.

The onboard hollow-fiber-membrane air separation devices have been widely used in aircraft fuel tank inerting systems, and the air separation performance of hollow-fiber-membrane module is the basis for the design and optimization of airborne fuel tank inerting system and products. The main factors affecting the permeability of the hollow-fiber-membrane module are the temperature and partial pressure of gas on both sides of membrane. Therefore, the performance of the onboard hollow-fiber-membrane air separation module will be affected by the inlet pressure and temperature of the air, the exhaust pressure of the OEA, and the flow rate of the NEA. To investigate the air separation performance of onboard air separation devices under different working conditions, this paper designed and built a set of onboard hollow fiber membrane air separation device performance test system. Parameters such as the air inlet pressure (Pin), air inlet temperature (Tin), volume flow rate of NEA (QNEA), and ambient pressure in the air separation device could be adjusted through the test platform. This experimental system was used to test the performance of the air separation device and analyze the influences of Pin, Tin, QNEA and flight altitude on the oxygen concentration of NEA, air separation coefficient, and nitrogen utilization of the air separation device. The experimental results can be used as a reference for the optimization design of membrane module parameters and inerting strategy of aircraft inerting systems.

2  Design of Experimental System

2.1 Schematic of the Testing System

The schematic of the testing system is shown as Fig. 2. The screw compressor, filter and adsorption drying unit are used to provide high-pressure dried air. The inlet pressure of the test unit of the onboard air separation device is adjusted by an electronic pressure reducer. The inlet temperature is adjusted by an air heater with a silicon Controlled Rectifier Regulator. The high-altitude environment simulation unit is composed of a high-altitude environment cabin, vacuum pump units, and vacuum regulating valves, which is used to simulate the low-pressure environment at different flight altitudes. The performance test unit of the onboard air separation module is composed of flow control valves, flow meters, and oxygen meters, which can automatically adjust the flow rate of NEA and measure its flow rate, temperature, pressure, oxygen concentration and other parameters.

[image: images]

Figure 2: Schematic of air separation module testing system
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Figure 3: The onboard hollow-fiber-membrane air separation module

2.2 Test Sample

The test sample used in this experiment is the principle prototype of the onboard air separation module as shown in Fig. 3. The air separation device uses a long cylindrical aluminum alloy shell equipped with a membrane bundle body composed of a plurality of hollow fiber membranes. The two ends of the membrane bundle body are sealed by casting resin processing. Both sealed ends are connected to the shell tightly by flanges and o-washers. The two ends of the device are, respectively, the air inlet and the NEA outlet. The flow form of the gas is countercurrent. The oxygen-enriched air (OEA) outlet is placed on the side of the air inlet. The structure parameters of the sample membrane components of the onboard air separation device are as shown in Table 1.
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2.3 Testing Cases

The variables involved in this experimental research mainly include inlet temperature, inlet pressure, volume flow rate of NEA, and ambient pressure (simulate the flight altitude). To investigate the air separation performance of the onboard air separation module in different air inlet pressure and temperature, environmental pressure, and flow rate demand of the NEA during the actual flight, the working conditions are set as shown as in Table 2.
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2.4 Parameter Definition

Air separation coefficient α is defined as Eq. (1), which represents the separation capability of the air separation device [25].


α=CO2,OEA/CN2,OEACO2,air/CN2,air
(1)

where 
CO2,air
is the percentage of oxygen volume concentration of inlet air; 
CN2,air
is the percentage of nitrogen volume concentration of inlet air; 
CO2,OEA
is the percentage of oxygen volume concentration of the OEA; 
CN2,OEA
is the percentage of nitrogen volume concentration of the OEA.

Air separation coefficient α mainly describes the permeability efficiency of hollow-fiber-membrane in the separation process of air separation devices, which can be used as a reference for the preparation and material selection of hollow-membrane-fiber. However, it cannot directly reflect the inert performance of the module itself to the airborne fuel system. Thus, the nitrogen utilization efficiency θ is defined as Eq. (2).


θ=QNEAQair
(2)

θ can directly reflect the corresponding relationship between the volume flow of NEA and inlet air for the air separation device. It represents the amount of engine bleed gas consumed to generate a certain amount of NEA.

3  Experimental Results and Analysis

The performance test for the onboard air separation device was carried out with the parameters listed in Table 1 using the test system as Fig. 2 shows. The experimental conditions are listed in Table 2. The effect of flight altitude on the performance of the onboard air separation device was investigated under constant inlet temperature and pressure (Tin = 100°C, Pin = 0.4 MPa). The experimental results and analysis are as follow.

3.1 The Effect of Tin on the Air Separation Performance

As can be seen from Fig. 4, the oxygen concentration of NEA (
CO2,OEA
) decreases with the increase of Tin, and the decreasing trend is weakened. This is because the permeability of the hollow fiber membrane for oxygen and nitrogen both increases with the increase of Tin, but the increase rate of oxygen permeability is less than that of the nitrogen permeability. The amount of nitrogen and oxygen penetration will both increase. Due to the higher proportion of nitrogen in the air, the increase of oxygen permeability is more critical at the initial stage of temperature rising. However, as the temperature continues to rise, the amount of nitrogen penetration is increasing, and the influence of both is gradually neutralized. From the comparison result of Figs. 4a–4d, the effect of Tin on 
CO2,OEA
becomes not significant with the increase of QNEA.
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Figure 4: Effect of air inlet temperature on oxygen concentration of NEA (a) QNEA = 30 L/min (b) QNEA = 50 L/min (c) QNEA = 80 L/min (d) QNEA = 120 L/min

Fig. 5 shows the effect of air inlet temperature on air separation coefficient (α). As the experimental results are shown, α decreases with the rising of Tin and this downtrend gradually becomes flat. As the definition of Eq. (1), 
α
depends on the ratio of 
CO2,OEA
and 
CN2,OEA
. As the permeability of the hollow-fiber-membrane to oxygen and nitrogen increases with the rise of Tin, more oxygen and nitrogen permeate into the OEA. Due to the higher proportion of nitrogen in the air, the increment of nitrogen entering into OEA is larger in the early stage of Tin rising, which causes the ratio of 
CO2,OEA
and 
CN2,OEA
decreasing. With the increase of the partial pressure of nitrogen and the decrease of the partial pressure of oxygen in the OEA, the proportion of nitrogen and oxygen penetration will decrease, the downward trend of α will also be flat.
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Figure 5: Effect of air inlet temperature on air separation coefficient (a) QNEA = 30 L/min (b) QNEA = 50 L/min (c) QNEA = 80 L/min (d) QNEA = 120 L/min
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Figure 6: Effect of air inlet temperature on nitrogen utilization coefficient (a) QNEA = 30 L/min (b) QNEA = 50 L/min (c) QNEA = 80 L/min (d) QNEA = 120 L/min

Fig. 6 shows the effect of air inlet temperature on the nitrogen utilization coefficient (θ). Based on the experimental results, we can see that θ decreases with the increase of Tin. This is because the permeability of the hollow fiber membrane for oxygen and nitrogen both increases with the increase of Tin, as a result the amount of nitrogen and oxygen penetration will both increase, and more inlet air is needed to maintain QNEA, which results in the downward trend of θ with the rising of Tin.

3.2 The Effect of Pin on the Air Separation Performance

The influence of inlet pressure on oxygen concentration of NEA (
CO2,NEA
), air separation coefficient and nitrogen utilization coefficient was studied at Tin = 110°C, 100°C, 90°C, 80°C and 70°C, QNEA = 30, 50, 80 and 120 L/Min as shown in Fig. 7.
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Figure 7: Effect of air inlet pressure on oxygen concentration of NEA (a) Tin = 110°C (b) Tin = 100°C (c) Tin = 90°C (d) Tin = 80°C (e) Tin = 70°C

As can be seen from Fig. 7, under the condition of constant Tin and QNEA, the oxygen concentration of NEA decreases gradually with the rising of Pin, and the decreasing trend of oxygen concentration of NEA slows down with the increase of Pin. Because with the increase of air inlet pressure, the pressure difference between the two sides of the fiber membrane rises up, which leads to increase the driving force of gas penetration. As the permeability coefficient of oxygen is greater than that of nitrogen, the permeability of oxygen increases more than that of nitrogen. As a result, the oxygen concentration of the NEA decreases. However, with the continuous increase of Pin, more oxygen permeates through the fiber membrane, and the increasing trend of partial pressure difference of oxygen between the two sides of the fiber membrane slows down, and the decreasing trend of the oxygen concentration of NEA will also slow down. Further analysis shows that as the Pingoes up to the max value (0.4 MPa in this experiment study) under the conditions of the lowest QNEA (30 L/min in this experiment study), the air separate ability of the hollow-fiber-membrane reaches its limit, that is, the lowest oxygen concentration of NEA derived by the hollow-fiber-membrane separation device used in this experiment is about 2%.

Fig. 8 shows the effect of Pin on air separation coefficient α. As the test results are shown, with the increase of Pin, α decreases and the downtrend slows down. This is because the pressure difference between the two sides of the hollow-fiber-membrane increases with the rising of Pin, and the gas permeability driving force also goes up. The permeability amount of oxygen and nitrogen will both increase. Although the permeability coefficient of oxygen is greater than that of nitrogen, the proportion of nitrogen in the air is much higher, more nitrogen is removed through the membrane and exits with OEA, which results in 
CO2,OEA
falling faster than 
CN2,OEA
. As a result, α goes down with the increasing Pin. When the Pin increases to 0.25 MPa, the membrane permeability gradually becomes saturated, the increment of oxygen and nitrogen permeability coefficient declines and tends to slow down, which leads to the decline trend of α to be flat.
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Figure 8: Effect of inlet pressure on the air separation coefficient (a) Tin = 110°C (b) Tin = 100°C (c) Tin = 90°C (d) Tin = 80°C (e) Tin = 70°C
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Figure 9: Effect of inlet pressure on nitrogen utilization coefficient (a) Tin = 110°C (b) Tin = 100°C (c) Tin = 90°C (d) Tin = 80°C (e) Tin = 70°C

According to Fig. 9, the influence of inlet pressure on the nitrogen utilization coefficient θ was analyzed, and it was found that within a certain range of Pin and QNEA, θ showed a decreasing trend with the increase of Pin, and the decreasing trend of θ also slowed down with the increase of Pin. This is because when the Pin increases, the pressure difference between the two sides of the hollow fiber membrane increases, so does the gas permeability driving force, the permeability rate of oxygen and nitrogen, and then the permeability amount of oxygen and nitrogen will both increase. To keep the QNEA unchanged, the air inlet flow rate needs to be increased, and then θ will decrease. With the further increase of the Pin, the increasing trend of the permeability driving force slows down, and the downward trend of θ will also slow down.

3.3 The Effect of Flight Altitude on the Air Separation Performance

To study the influence of flight altitude on the nitrogen production performance of the onboard hollow-fiber-membrane air separation module, the air inlet pressure and temperature were kept constant (Tin = 100°C, Pin = 0.4 MPa). QNEA is set to 30, 50, 80, and 120 L/Min. The effects of flight altitude on the 
CO2,NEA
, α and θ of the onboard hollow fiber membrane air separation module were analyzed as follows.

As shown in Fig. 10, the oxygen concentration of NEA (
CO2,NEA
) gradually decreases with the rising of the flight altitude, and this decreasing tendency is slowed down with the continuous increase of flight altitude. It is because that Pin keeps constant while the exhaust pressure decreases as the rising of the flight altitude, the pressure difference between the two sides of the hollow fiber membrane increases, and the gas permeability driving force also goes up. Since the permeability coefficient of oxygen is greater than that of nitrogen, the increment of oxygen permeability is greater than that of nitrogen when the internal and external pressure difference increases, which leads to the decrease of 
CO2,NEA
. As this pressure difference continues to increase with the rising of flight altitude, the membrane permeability gradually becomes saturated, and the decreasing trend of 
CO2,NEA
slows down.
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Figure 10: Effect of flight altitude on oxygen concentration of NEA

Fig. 11 shows the effect of flight altitude on air separation coefficient α. With the increase of flight altitude, α shows a dropping trend and this tendency gradually becomes flat. This is also because the exhaust pressure decreases as the rising of the flight altitude, the pressure difference between the two sides of the hollow fiber membrane increases, and the gas permeability driving force also goes up. The permeability amount of oxygen and nitrogen will both increase. Although the permeability coefficient of oxygen is greater than that of nitrogen, the proportion of nitrogen in the air is much higher, more nitrogen is removed through the membrane and exits with OEA, which results in 
CO2,OEA
falling faster than 
CN2,OEA
. As a result, α goes down with the increase of flight altitude.

Fig. 12 shows the effect of flight altitude on nitrogen utilization efficiency θ. This value decreases with the increase of flight altitude at different QNEA. As the flight altitude increases, the partial pressure of nitrogen and oxygen at the exhaust side decreases, the pressure difference between the two sides of the hollow-fiber-membrane increases, and the amount of permeable nitrogen and oxygen increases. As a result, more bleed air is needed to make the QNEA remain constant with the flight altitude rising, and this effect will also gradually weaken with the increase of flight altitude.
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Figure 11: Effect of flight altitude on air separation coefficient
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Figure 12: Effect of flight altitude on nitrogen utilization efficiency

4  Conclusion

Experimental system was designed and built for the separation performance testing of a hollow-fiber-membrane air separation module. Test was conducted under different air inlet temperature, air inlet pressure, flow rate of NEA, and flight altitude referring to the actual flight process. The effects of these four parameters on the oxygen concentration of NEA, air separation coefficient, and nitrogen utilization efficiency were analyzed.

(1)   The oxygen concentration of NEA, air separation coefficient, and nitrogen utilization efficiency decrease with the rise of air inlet temperature under constant air inlet pressure and volume flow rate of NEA, and the effect of air inlet temperature on the oxygen concentration of NEA and nitrogen utilization efficiency is not significant.

(2)   The oxygen concentration of NEA, air separation coefficient, and nitrogen utilization efficiency significantly decrease with the rising of air inlet pressure under constant air inlet temperature and volume flow rate of NEA, and the downward trend will gradually slow down.

(3)   The oxygen concentration of NEA, air separation coefficient, and nitrogen utilization efficiency decrease with the increase of flight altitude under constant air inlet pressure, air inlet temperature, and volume flow rate of NEA. As the flight altitude continues to increase, the impact becomes less significant.
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Table 1: Structure and performance parameters of membrane module
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