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General introduction

Nowadays, several different types of clean energy sources already exist. Among them, fuel cell technology for generating clean source of power sounds very promising. Fuel cell converts chemical energy directly into electrical energy without any combustion. This results in independency from the thermodynamic laws like the Carnot efficiency associated with heat engines currently used in power generation. It also has many other advantages such as noisefree operation and high efficiency (up to 60%) compared to other combustion engines.

Generally, there are 6 different types of fuel cells. The choice of the fuel cell depends on the application, operating temperature, electrical efficiency, catalyst and electrolyte. The Solid Oxide Fuel Cell (SOFC) is among the developing fuel cells, recognized for applications such as aircraft and automotive application. To operate the fuel cell efficiently, the availability of high-purity hydrogen is essential. High gravimetric-based energy content and absence of greenhouse gas emissions makes hydrogen a unique contender in the area of green fuels.

Nevertheless, there are no natural hydrogen deposits. Hence, it has to be produced by various industrial methods such as methane reforming and coal gasification of fossil fuels which in turn also produces some gases like CO2. The presence of the generated gases (e.g. CO2, N2, CO) reduces the energy content of hydrogen and thereby shortens the lifetime of a Fuel Cell, decreases its efficiency and causes corrosion of pipelines. Therefore, it is very important to remove the unwanted gases from the hydrogen to ensure efficient and long operational life of fuel cells.

In the literature, different technologies for gas separation can be found. Out of all these methods, the selective permeation through a porous media has an advantage of low operational cost, small impact on environment, easy maintenance and fast separation time compared to the others. The porous media used for selective permeation can be integrated with the fuel cell with ease; this can solve the problem of hydrogen storage and result in the on board hydrogen production and utilisation in order to generate power. Different types of porous media are available depending upon the application. They are classified on the basis of their pore structure, porosity and permeability. The efficiency of the gas separation technique depends on the selectivity1 and the permeance2 . The last one depends upon the permeability of the material.

Therefore, it is necessary to determine the permeability of the material and the factors affecting its value in order to better study the efficiency of the gas separation technique.

This thesis is divided into four chapters. The first chapter presents all fuel cell types with different methods of hydrogen production. Thereafter, gas separation technique, factors affecting it and different methods of evaluating the performance of the porous membrane will be explained. This chapter also includes the methods to determine the physical properties of fluid in case of a single gas and a mixture of gases. The second chapter presents and analyses the results of two developed test benches made to accurately determine the permeability of the materials to be used. The third chapter presents the innovative test bench using isolated permeation cells developed specifically to study the permeation, the permeance, the selectivity and the factors governing them, experimentally along the length of the porous tube. The fourth chapter presents the results obtained using the permselectivity test bench. In this chapter, fluid flow analysis is performed using four different gases (Nitrogen, Carbon dioxide, Methane and Helium). Then, the factors affecting the permeation process in a porous tube is identified. The new form of gas permeability equation is developed and validated. In addition, gas permeability and selectivity of pure gases and three different concentration of CO2/N2 (50/50%, 60/40% and 70/30%) mixture are determined. The obtained result for pure gas and mixture are compared and analysed. 

Introduction générale

I.2 Hydrogen and fuel cell

There are two categories of energy resources: renewable and non-renewable. Renewable resources can be restored again by biological or any other natural process. This type of resources will not run through but non-renewable resource will exhaust one day in future (at Humanity scale of time). Fossil fuel is one of such examples of it. Fuels such as oil, coal and natural gas comes in a category of fossil fuels because it takes millions of years to form. These underground resources are still the primary fuel source for electricity, heating and powering vehicles.

All means of transport such as aircraft, ship, locomotives and automobile depend directly or indirectly on the fuel. In some of the automobiles, fuel is consumed directly in order to provide a driving force. In the others, electricity is used as a primary driving force and it is generated by means of heat energy which is obtained through the burning of coal in thermal power plants or any other fossil fuels.

Internal combustion (I.C) engines are used in various fields of engineering such as automotive, power generation, aerospace and manufacturing. Most of the internal combustion engines are inefficient at turning burned fuel into usable energy. The efficiency of engines is measured in terms of "thermal efficiency", and most gasoline combustion engines average around 20 percent thermal efficiency. Diesel is typically higher, approaching 40 percent in some cases, which is also quite low in today's scenario and produces a lot of greenhouse gases responsible for global warming. According to a report, the global number of cars on the road and kilometres flown in planes will nearly double by 2040. The number of cars is projected to reach the two billion mark by 2040, while air travel kilometres are set to hit 20 trillion in the same period. IC engines use fossil fuels which are not renewable and perhaps will exhaust one day.

The total increase in the world's fossil fuel consumption was about 0.6% in 2016. That may not seem like much, but the net increase in fossil fuel consumption, the equivalent of 127 million metric tons of petroleum, was 2.6 times the overall increase in the consumption of renewables (48 million metric tons of oil equivalent). In addition, it is expected to grow in a similar fashion until and unless some major breakthroughs in combustion technology are found in energy production. It also means the growth of clean energy sources should be three times the current growth in order to cope up with the emissions. It is very important to find new sources of clean energy and technology to utilise them in order to produce power.

Fossil fuels contain high percentage of carbon. Therefore, when the fuel is burnt it releases large amount of CO2 or CO depending upon the availability of oxygen during combustion. CO2 is responsible for the greenhouse effect and is the main constituent of the greenhouse gases. Further, change in climatic conditions will vary from one region to another across the world. The effect of rise in temperature can result in increased sea level due to melting of ice in the arctic region, change in the pattern of perception and its amount. Extreme weather can be expected such as droughts, heavy rainfall and snowfall and extinction of certain species because of change in temperature regimes. All these factors have a significant effect on the human beings.

The use of traditional fossil fuels having high carbon content should be switched by the fuel with low carbon content or if possible the fuel without any carbon content. Few options which are available and can serve as an alternative are methane and hydrogen. In the case of methane combustion, the amount of CO/CO2 produced will be less as there is only a single carbon atom present in the structure. In case of hydrogen, the exhaust will contain H2O which is not harmful for the environment and very essential for the living organisms. Hydrogen also has high energy per mass content of about 143 MJ kg -1 , which is up to three times greater than liquid hydrocarbon fuels [1].

Fuel cell is a technology in which hydrogen can be used as fuel in order to generate power and is the safest way to use Hydrogen as a fuel. The efficiency of fuel cell is about 60-80% depending upon the type of fuel cell used [2]. One more advantage of using Hydrogen, as a fuel, is that it can be produced from a number of sources such as jet fuel and butanol reforming by using Al2O3 as porous media [3], decomposition of NH3 with Pd membrane as a catalyst [4]. One of the major sources of environmental pollution comes from ammonia synthesis plant that can be used for H2 production by using a feasible catalyst in steam reforming process [5].

Glycerol is a by-product of bio diesel and the synthesis gas can also be a satisfactory source of pure hydrogen [6] [7]. There are some renewable sources that are also present such as bio gas, bio-ethanol and bio-butanol [8] 

I.2.1 Types of fuel cell

Fuel cells are primarily classified on the basis of the electrolyte used (Table 1). The choice of electrolyte determines the type of reaction that will take place inside the cell.

The nature of the catalyst, the temperature range in which the cell operates and other operational parameters decide what kind of fuel cell will be appropriate for the respective application. There are several types of fuel cells which are as follows:

Polymer electrolyte membrane fuel cell (PEM): It is also called Proton exchange membrane fuel cell because the electrolyte used allows only the flow of proton (i.e. Hydrogen ion) from anode to cathode (Fig. 2). It offers low weight, volume and high power density compared to other fuel cells [START_REF] Botelho | Impact of polymer electrolyte membrane fuel cell microporous layer nano-scale features on thermal conductance[END_REF]. It is the best fit for the automotive application because of its low operating temperature which results in reduced warm-up time that helps it to initiate quickly. This makes PEMFCs a viable alternative to internal combustion engine [START_REF] Flick | Transport phenomena in polymer electrolyte membrane fuel cells via voltage loss breakdown[END_REF]. PEM fuel cell (FC) uses polymer as an electrolyte. The polymeric solid electrolyte forms a barrier and a thin electronic insulator for gases between both the electrodes, allowing fast proton transport and high current density. The solid electrolyte has the advantage, as compared to those of liquid type which allows the fuel cell to operate in any position [START_REF] Feroldi | Description of PEM Fuel Cells System[END_REF]. It does not require any corrosive fluid like other fuel cells. It only requires hydrogen, oxygen, water and a porous carbon electrode with platinum as a catalyst. This noble metal (Platinum) is required to separate hydrogen's electron and proton, adds to the system cost. Platinum is prone to CO poisoning which makes it necessary to have an additional reactor to reduce CO in case the source of hydrogen is a hydrocarbon fuel. The PEMFC operates on very low temperatures because the heat generated by reaction is very small. Hence it cannot be connected to the fuel processing unit directly to produce hydrogen on board because fuel processing would require large heat load for being processed.

A significant disadvantage of using PEM fuel cell for automotive application is the hydrogen storage. Hydrogen is stored on board as a compressed gas in pressurized tanks. As the hydrogen has low energy density, it is difficult to travel a distance similar to that in case of other fuels in the same amount (e.g. gasoline, diesel, natural gas). This forces the developer to install an online reforming unit which can convert hydrocarbon fuel (such as methane) into hydrogen. Despite it results in CO2 release, the related amount will be less compared to the traditional IC engine using fossil fuel with long carbon chains. Fig. 2 shows the working of the PEM fuel cell. where pure hydrogen is used as a fuel (produced on board by reforming hydrogen rich fuels such as ethanol, methanol, natural gas and other hydrocarbon fuels). In DMFCs, methanol is mixed with steam and fed directly to the anode. Methanol has high energy density compared to hydrogen but less than traditional liquid hydrocarbon fuel. This can solve the fuel storage problem up to an extent [START_REF] Yuan | Operational characteristics of a passive methanol catalytic combustor assisting vapor generation for direct methanol fuel cells[END_REF] [27] [START_REF] Ogden | A comparison of hydrogen, methanol and gasoline as fuels for fuel cell vehicles: implications for vehicle design and infrastructure development[END_REF]. Hydrogen is difficult to transport but methanol is easy to transport and supply as it is in liquid state [START_REF] Aricò | DMFCs: from fundamental aspects to technology development[END_REF].

Alkaline fuel cells (AFCs):

As the name indicates, it uses an alkaline solution (a solution of potassium hydroxide in water) as an electrolyte. It is one of the first technologies developed and used in the U.S. space program to produce electrical energy and water [START_REF]office of energy efficiency & renewable energy (Hydrogen and Fuel cells)[END_REF]. The anode and cathode are made up of non-precious metals for which plenty of options are available. The working of AFCs is shown in Fig. 3.

In this type of a fuel cell, the electrode gets poisoned very easily in the presence of carbon dioxide (CO2). Therefore, before feeding the H2 and O2 to the respective electrodes, it is necessary to make sure that there is no trace of CO2 present in the gas because even a small amount CO2 can affect the cell operation. Poisoning can also affect the lifetime of an electrode and raise durability issues further adding to the cost and increased maintenance. This is a very costly technology when it comes to the commercial market. But the cost doesn't matter in case of a remote location such as space. The operation time of the typical AFCs is about 8 000 hours. For economical utilities, it should cross the mark of 40 000 hours and more [START_REF]office of energy efficiency & renewable energy (Hydrogen and Fuel cells)[END_REF]. Commercializing of the fuel cell technology can result in reduced manufacturing cost which can cover up for the added maintenance cost. Teflon bonded silicon carbide matrix [START_REF] Aili | Methyl phosphate formation as a major degradation mode of direct methanol fuel cells with phosphoric acid based electrolytes[END_REF]. A porous electrode which is made up of carbon and platinum is used as a catalyst [START_REF]office of energy efficiency & renewable energy (Hydrogen and Fuel cells)[END_REF]. It is one of the most mature types of a cell to be used commercially. It is mostly used for stationary power generation because of its rigid structure but sometimes also used in powering large vehicles.

It can tolerate large amounts of impurities [START_REF] Oh | Temperature dependence of CO poisoning in high-temperature proton exchange membrane fuel cells with phosphoric acid-doped polybenzimidazole membranes[END_REF]. If it is used for generating electricity alone, the efficiency is low, in range of 37%-42%. When it is used for generating electricity and heat, the efficiency reaches as high as 85%. PAFC is one of the expensive types of cell as it uses a noble and precious metal as a catalyst.

Molten Carbonate Fuel Cells (MCFCs):

It uses an electrolyte composed of a molten carbonate mixture dipped in porous inert ceramic of lithium aluminium oxide (LiAlO2).

Operating temperature of such a type of cell is quite high and ranges between 600°C -1000°C [START_REF] Huppmann | FUEL CELLS -MOLTEN CARBONATE FUEL CELLS | Systems[END_REF]. The electrical efficiency of the cell is 45%-65% [START_REF] Huppmann | FUEL CELLS -MOLTEN CARBONATE FUEL CELLS | Systems[END_REF]. It can be increased up to 85% if its waste heat is captured and reused in any waste heat recovery model coupled with a turbine.

The reaction takes place at the anode and cathode; the combine cell reaction is as follows [START_REF] Rexed | Molten carbonate fuel cells for CO2 separation and segregation by retrofitting existing plants -An analysis of feasible operating windows and first experimental findings[END_REF]:

Anode: H2 + CO3 2-→ H2O + CO2 + 2e - (1.1) Cathode: ½O2 + CO2 + 2e -→ CO3 2- (1.2)
Cell reaction: H2 + ½O2 + CO2, Cat → H2O + CO2, An (1.3) It can be seen from the above reactions that the net production of CO2 is zero. The amount of CO2 produced at the anode is equal to the amount that is consumed at the cathode (see Fig. 4). These cells are not prone to CO2 or CO poisoning. It uses CO2 as a fuel or fuelling can also be done by other gases produced from coal. This makes it a very attractive package for commercial application. Nevertheless, for successful commercialization, MCFC requires a lifespan of a minimum 5 years [START_REF] Law | Dynamic behaviors of a Molten Carbonate Fuel Cell under a sudden shut-down scenario: The effects on temperature gradients[END_REF]. The primary disadvantage of MCFC technology is its high operating temperature which causes a radial break down and corrosion because of the electrolyte. reforming unit and makes it more economical and commercially viable. There is no risk of cell poisoning by CO or CO2. Therefore air is fed at the cathode side instead of pure O2 (see Fig.

5)

In recent years, the use of SOFCs as stationary and mobile application has increased. In addition, the operational time of 60,000 hours has been reached with a decreasing degradation rate [35] [36] [37] [START_REF] Blum | Recent results in Jülich solid oxide fuel cell technology development[END_REF]. However the slow start up, thermal shielding and durability is always a matter of concern. Operation of SOFC at such a high temperature and pressure gives an option of using the exhaust as a heat source to preheat the input fuel and air for using in gas or steam turbine. Using SOFC in combination with the bottoming cycle, results in an increased overall efficiency of the system. At present, this technology is not mature enough to take over traditional fuel cell technology (e.g. PEM, DMFC and SOFC). It has shortcomings in terms of efficiency and long term performance [40] [44]. There are two types of reactions that occur at the oxygen electrode in case of a regenerative fuel cell, first is oxygen reduction and second is oxygen production, which are as follows [START_REF] Roca-Ayats | Electrocatalytic stability of Ti based-supported Pt3Ir nanoparticles for unitized regenerative fuel cells[END_REF] [45] [START_REF] García | Catalyst support effects at the oxygen electrode of unitized regenerative fuel cells[END_REF]:

O2 (g )+4H + +4e -→2H2 O (1.4) 2H2 O(l )→O 2 (g)+4H + +4e - (1.5)
So, it is necessary to produce a stable and highly active bi-operational oxygen electrode catalyst which can serve as a medium for both reactions [START_REF] Roca-Ayats | Electrocatalytic stability of Ti based-supported Pt3Ir nanoparticles for unitized regenerative fuel cells[END_REF] [45] [START_REF] García | Catalyst support effects at the oxygen electrode of unitized regenerative fuel cells[END_REF].

I.2.2 Hydrogen production

Fuel cell uses Hydrogen as a fuel and there are no natural deposits of hydrogen. Hence, it has to be produced by various industrial methods. When it comes to mobile applications such as trucks and passenger cars, the storage of hydrogen is a big roadblock in implementing the fuel cell technology commercially. It requires a large amount of space to store hydrogen in order to travel long distances because of its low energy density compared to other liquid hydrocarbon fuel (e.g. Gasoline, diesel). This results in frequent fuelling which is not feasible.

In order to overcome this shortcoming, hydrogen can be produced on-board from various liquid hydrocarbon fuels (e.g. ethanol, methanol) by method of steam reforming, partial oxidation, [56]and a range of other marketable products [START_REF] Khaodee | Selection of appropriate primary fuel for hydrogen production for different fuel cell types: Comparison between decomposition and steam reforming[END_REF].

coal
The comparison has been made by a number of researchers between the steam reforming and the decomposition process [START_REF] Khaodee | Selection of appropriate primary fuel for hydrogen production for different fuel cell types: Comparison between decomposition and steam reforming[END_REF] [57] [START_REF] Dufour | Life cycle assessment of processes for hydrogen production. Environmental feasibility and reduction of greenhouse gases emissions[END_REF]. It is found that when methane is used as a fuel in the decomposition process, the energy input required to produce 1 mole of hydrogen is 37.8 kJ. On the other hand, steam reforming requires 63.3 kJ of energy and it is higher than the former process. In terms of CO2 emission, the former process has 0.05 mol CO2 mol -1 of H2

whereas the latter has 0.43 mol CO2 mol -1 of H2. The autocatalytic and thermal decomposition of methane results in lower environmental impact and CO2 emission. Although the same can be achieved in case of steam reforming with the capture and storage of CO2, its total impact on the environment is higher compared to the conventional one [START_REF] Dufour | Life cycle assessment of processes for hydrogen production. Environmental feasibility and reduction of greenhouse gases emissions[END_REF].

Nowadays, various hydrocarbons such as methane(CH4), ethane(C2H6), ethylene (C2H4), propane (C3H8), butane (C4H10) and alcohols such as methanol (CH3OH), ethanol (C2H5OH) and glycerol (C3H8O3) [START_REF] Khaodee | Selection of appropriate primary fuel for hydrogen production for different fuel cell types: Comparison between decomposition and steam reforming[END_REF] have been used as primary fuel in steam reforming. Hydrogen can be produced from all these fuels either by using the decomposition or the steam reforming process. A number of reactions that can occur are as follows:

Cracking:

Methane: 𝐶𝐻 4 ⇌ 𝐶(𝑠) + 2𝐻 Glycerol steam reforming (overall):

𝐶 3 𝐻 8 𝑂 3 + 3𝐻 2 𝑂 ⇌ 3𝐶𝑂 2 + 7𝐻 2 ∆𝐻 0 = 122.9𝑘𝐽 𝑚𝑜𝑙 -1 (1.19)
It can be seen from the above reactions, the decomposition process breaks C1-C3 hydrocarbons into hydrogen gas and solid carbon, whereas alcohol breaks into CH4, CO and CO2. It can be clearly seen that the steam forming process produces CO and CO2 on a major scale as a by-product.

ATR, standing for 'auto thermal reforming', is also a reforming-like process in which the reaction takes place in a single closed chamber. In this process, the fuel (e.g. methane, biodiesel, and diesel) is partially oxidized with the help of oxygen and carbon dioxide or steam as a reforming feed. The ratio of H2:CO that is produced depends upon the reforming feed used.

If carbon dioxide and oxygen is used, the ratio is 1:1 and if steam and oxygen is used, the ratio is 2.5:1. The reaction with respective feed mixture is as given below:

For CO2 2CH4 + O2 + CO2 → 3H2 + 3CO + H2O (1.20)
And for steam:

4CH4 + O2 + 2H2O → 10H2 + 4CO (1.21)
The gas so produced is called Syngas which is a mixture of hydrogen and carbon monoxide. The main difference between the ATR and SR is that ATR uses oxygen whereas SR does not.

Partial oxidation requires fuel and air as oxidants. They are partially combusted inside a reformer. This reaction is purely exothermic. The product of combustion is Syngas, which is diluted with nitrogen [START_REF] Waller | Operating envelope of a short contact time fuel reformer for propane catalytic partial oxidation[END_REF]. The main disadvantage of using the steam reforming or the autothermal reforming (O2 + steam) for a portable small scale application is that it requires a water tank and a water management system in order to produce steam for the reforming process.

Partial oxidation is best suited for such small applications, where the energy requirement is in between 250W -1kW [59] [60]. Examples of such applications are lawn mowers, leaf blowers, gas trimmers, and backup auxiliary power units.

Some studies have shown, numerically and experimentally, that propane is an excellent fuel and advantageous if used with partial oxidation for small scale applications [59] [60].

There is little or no trace of solid carbon formation if operated between the given operating points (i.e. bed temperature 800-1000°C and O2/C ratio is 0.5 to 0.6) [START_REF] Waller | Operating envelope of a short contact time fuel reformer for propane catalytic partial oxidation[END_REF].

In aerospace application (Mach no. greater than 5) endothermic hydrocarbon propellant is used as coolant [START_REF] Taddeo | Experimental study of pyrolysis-combustion coupling in a regeneratively cooled combustor: System dynamics analysis[END_REF]. This hydrocarbon fuels mainly composed by long chain alkanes flows through the cooling channels located between the inner and the outer walls of the engine, before being injected into the combustion chamber. This establishes the counter-flow heat exchange between the fuel-coolant and the burned gases [START_REF] Qin | Analysis of energy cascade utilization in a chemically recuperated scramjet with indirect combustion[END_REF]. Hence, this results in dissipated heat being absorbed from the combustor and hydrocarbon fuel getting pyrolyzed. The pyrolyzed fuel mainly contains the species with low molecular weights -mainly hydrogen, methane, and ethylene [61] [62]. This process has the potential to serve the purpose of hydrogen production for the use of a fuel cell on board of an aircraft.

Coal gasification is a process of converting coal into combustible gas. Primary constituents of the reaction are coal, water (steam) and oxygen (air). In the gasification process, hot steam with air is blown over the coal. It is important that the supplied oxygen should be insufficient for complete oxidation of the fuel. The end product should be syngas but there may also be some other gaseous products present in the end mixture such as methane (CH4), carbon dioxide (CO2), water vapour (H2O). The produced gas is refined inside a refiner to remove the undesirable gases and thereby produce additional quantities of hydrogen (H2). Whereas, using dry air inside a gasifier can result in the production of more steam, tar and higher hydrocarbons compared to the conventional gasifiers [START_REF] Prabu | Underground coal-air gasification based solid oxide fuel cell system[END_REF]. The reaction that takes place during gasification is as follows: 3C (i.e., coal) + O2 + H2O → H2 + 3CO (1.22) In order to produce additional hydrogen, coal gas (mainly CO) undergoes a water gas shift (WGS) reaction which is as follows:

CO + H2O → CO2 + H2 (1.23) [START_REF] Welaya | Steam and partial oxidation reforming options for hydrogen production from fossil fuels for PEM fuel cells[END_REF] shows that CO content can be reduced by 0.5% if the water gas shift (WGS) reaction (equation 1.23) occurs at a low temperature [START_REF] Welaya | Steam and partial oxidation reforming options for hydrogen production from fossil fuels for PEM fuel cells[END_REF].

In many studies [START_REF] Prabu | Underground coal-air gasification based solid oxide fuel cell system[END_REF] [64], coal gasification is integrated with solid oxide fuel cell (SOFC) in order to generate electrical power. Analysis shows that the incorporation of SOFC can have two important advantages. First, as it is known, SOFC operates on high temperatures (600-1000°C), so the exhaust from the anode can be used to generate steam for a steam turbine or another secondary power source. Also, it can be used for reforming syngas for SOFC itself.

Prabhu et al. (2012) shows that if underground coal gasification integrated with the SOFC system is coupled with a steam turbine, it generates an additional power. It also shows a gain of 4% in the thermal efficiency over an electricity generating unit purely based on a steam turbine [START_REF] Prabu | Underground coal-air gasification based solid oxide fuel cell system[END_REF]. In addition, SOFC selectively absorbs oxygen from the air which is an efficient way of carbon neutral power generation.

In another study [START_REF] Chen | Coal gasification integration with solid oxide fuel cell and chemical looping combustion for high-efficiency power generation with inherent CO2 capture[END_REF], coal gasification and solid oxide fuel cells (SOFC) is coupled with chemical looping combustion (CLC). CLC is a process used for fuel conversion and CO2 separation. A chemical looping combustor is placed at the exhaust of the SOFC. CLC consists of two reactors known as fuel and air reactor. As literature suggests, the fuel utilization in SOFC is within the range of 80-85 % [START_REF] Chen | Coal gasification integration with solid oxide fuel cell and chemical looping combustion for high-efficiency power generation with inherent CO2 capture[END_REF] and it decreases as the fuel voltage decreases [START_REF] Srinivasan | Fuel cells: from fundamentals to applications[END_REF].

Hydrogen can be considered as a fuel with zero emission if the hydrogen used in a fuel cell is generated by electrolysis using renewable energies (such as solar, photovoltaic and thermoelectric) [START_REF] Cascales | Environmental impact associated with the substitution of internal combustion vehicles by fuel cell vehicles refueled with hydrogen generated by electrolysis using the power grid. An estimation focused on the Autonomous Region of Murcia (Spain)[END_REF].

Hydrogen can be produced by a number of other methods and processes (e.g. steam reforming, coal gasification, and partial oxidation) with zero or very low CO2 emissions.

However, the process and technique involved is quite complex. It requires a large infrastructure and has many practical difficulties as well. If hydrogen can be produced by electrolysis using electricity generated from renewable sources of energy, it can reduce the dependency on fossil fuels. As it is known, 94% of the total hydrogen consumed around the globe is produced from natural gas and hence this contributes to a certain level of dependency on fossil fuels which is perpetual [67] [68].

Steam reforming is a very reliable and economical technology compared to electrolysis which involves a high cost of operation [67] [68]. However using electrolysis method for hydrogen generation can be justified by the following points:

1. It can use the electricity generated from the renewable sources (such as solar, wind and others).

2. Use of electricity produced from renewable sources of energy will also result in decrease of CO2 emissions which is an added advantage.

3. Hydrogen is a very light gas even if it is in liquid phase with a density of 70.9 kg/m 3 at -253°C [START_REF] Srinivasan | Fuel cells: from fundamentals to applications[END_REF]. This also makes the pumping of gas through the pipeline difficult. Also, the cost of transportation by road, whether as a compressed gas or a cryogenic fluid, is very high compared to its production cost [START_REF] Yang | Determining the lowest-cost hydrogen delivery mode[END_REF].

4. The electrolysis method provides an advantage of setting up a hydrogen production plant with the fuelling station itself. Hence, it gives an added advantage of an increase in the production capacity by way of setting up a renewable power plant to supplement the capacity of the electrical grid.

In recent years, solid oxide electrolysis cell also known as SOEC has become attractive over conventional low temperature electrolysis as they are more efficient and offer more power [START_REF] Laguna-Bercero | Recent advances in high temperature electrolysis using solid oxide fuel cells: A review[END_REF].

The reaction that occurs in a solid oxide electrolysis cell (SOEC) is the inverse of the reaction that occurs in a solid oxide fuel cell (SOFC). The functioning of SOEC is the opposite of SOFC. Cathode and anode interchange their roles. Water acts as a fuel and is supplied to the cathode side. Hydrogen is produced at the cathode side and the oxygen ion is transported to the anode through an electrolyte as shown in Fig. 6 [70].

Figure 6: Scheme of a SOFC cell operating under electrolysis mode [START_REF] Laguna-Bercero | Recent advances in high temperature electrolysis using solid oxide fuel cells: A review[END_REF].

The overall cell reaction is as follows [START_REF] Laguna-Bercero | Recent advances in high temperature electrolysis using solid oxide fuel cells: A review[END_REF]:

H2O → H2 + 1/2O2 (1.24)
The reaction at respective electrodes is as follows:

H2O + 2e -→ H2 (g) + O 2-(cathode) (1.25) O 2-→ 1/2O2 (g) + 2e -(anode) (1.26)
Same as fuel cell, electrolysers can also be classified on the basis of the electrolyte used.

Basically electrolysers are of two types depending on their operating temperatures. They are high temperature electrolysers (HTE) and low temperature electrolysers (LTE). LTE is further classified into two types, proton exchange membrane and alkaline. Both of them have an energy efficiency of 75% [START_REF]High temperature electrolysis of steam-State of development of a new technology for producing hydrogen[END_REF].

As it can be seen from the various hydrogen production methods described above, most of them produce CO, CO2 and several other gases as a by-product. In the present scenario, steam reforming of methane contributes to 48% of the hydrogen produced worldwide. The reforming through naphtha oil holds a share of 30%, coal and gasification contribution is 18% and the remaining 3.9% comes from electrolysis [START_REF] Silva | Challenges and strategies for optimization of glycerol steam reforming process[END_REF]. Whereas, methane extracted from natural sources includes some amount of alkanes, carbon dioxide and nitrogen. The presence of CO2 and N2 not only reduces the energy content of methane and hydrogen but also leads to pipeline corrosion. It becomes utmost important to remove these gases (e.g. CO, CO2, N2) not only after the hydrogen production but also before the production in order to obtain pure hydrogen and reduce the emission of greenhouse gases.

I.2.3 CO2 capture

European Union has set a target of meeting 20% CO2 reduction (in 1990) by 2020. In March 2007, it has been revised and increased to 30% CO2 reduction by 2020 as they are committed to make Europe highly energy efficient and a low carbon economy. There is also an important agreement for introduction of a zero emission fossil fuel power plant which includes the capture and storage of carbon dioxide (CO2). This can be very helpful in reducing the CO2 emission further.

To attain the specific goals, EU funds are being directed towards R&D projects that demonstrate various technology options for the capture, compression, transportation and storage of CO2 from power plants. Table 2 shows a list of such programs [START_REF]CO2 Capture and Storage Projects[END_REF]: There are three basic carbon capture methodologies that are shown in the Fig. 7 and explained briefly below.

Figure 7: Carbon capture methods and industrial process [START_REF] Metz | Special report on carbon dioxide capture and storage[END_REF] Post Combustion Capture: Post combustion process is among the most important ones for upgrading existing plants. It separates CO2 from the exhaust gases after the combustion process (Fig. 8). In this, liquid solvent is used to absorb CO2. The flue gas after the combustion is passed to an absorber and there it is mixed with a solvent. The solvent has a great affinity for the CO2 molecule; hence CO2 is absorbed by the solvent. CO2 capturing efficiency of the solvent is about 90%. CO2 can be released on heating to form a high purity CO2 stream and the solvent can be regenerated. Later CO2 can be compressed for transport and storage and the solvent can be reused again in the system. This process is mainly used by the food and beverage industry for CO2 capture. This process decreases the efficiency of power generation by 15%-20%. Alternatives that can be looked upon in near future are calcium cycle, membranes or solid absorbers [START_REF] Angel | Recent developments in carbon dioxide capture technologies for gas turbine power generation[END_REF].

Calcium cycle uses quick lime (CaO) as a CO2 capture medium as CaO reacts with CO2 and forms limestone (CaCO3). This is a reversible reaction as limestone can be converted into quick lime (CaO) on heating. The reaction that occurs is as follows [START_REF] Wu | Modified lime-based pellet sorbents for high-temperature CO2 capture: Reactivity and attrition behaviour[END_REF]:

Carbon capture Cao + CO2 → CaCO3
(1.27)

Regeneration

CaCO3 + HEAT → Cao + CO2 (1.28)

Figure 8: Post combustion capture [START_REF] Taimoor | Carbon Capture Systems, Carbon Capture and Sequestration[END_REF] Pre-Combustion Capture: In this process by using oxygen, steam or both, the fuel (natural gas or solid fossil fuel) can be broken into H2 and CO2 through a water gas shift reaction or a partial oxidation (the process depends upon the fuel and the desired output). Later CO2 and H2 can be separated by palladium or a hydrogen transport membrane. The separated hydrogen can be used directly for power generation in gas turbines or in fuel cells without producing any CO2 further and the separated CO2 can be compressed for transport and storage purposes. Pre combustion process requires more complex fuel conversion steps compared to post combustion (Fig. 9). This makes it more difficult to apply for existing power plants. Pre combustion is mainly used in natural gas processing [START_REF] Angel | Recent developments in carbon dioxide capture technologies for gas turbine power generation[END_REF].

Figure 9: Pre combustion capture [START_REF] Taimoor | Carbon Capture Systems, Carbon Capture and Sequestration[END_REF] Oxy Fuel Combustion: In this process, the fuel is combusted with a mixture of oxygen and flue gas wherein some part of the exhaust gas is re-circulated with fresh air into the combustion chamber to bring down the combustion temperature (Fig. 10). The resulting exhaust from this process is practically pure CO2 and H2O, which is later separated through condensation. The re-circulated gas mainly contains CO2, H2O and some amount of unburned carbon. Where CO2 tries to absorb the additional heat and the unburned carbon is completely oxidized. The main challenge with this process is the approach to relate the individual process efficiencies that contribute to overall efficiency of the power generation. Ongoing research is looking at alternative methods of separation (such as metal oxide doped ceramic membranes) [START_REF] Angel | Recent developments in carbon dioxide capture technologies for gas turbine power generation[END_REF]. 

I.2.4 Filtration

In the above section, different types of CO2 capture technologies have been discussed. It is found that pre combustion capture is very suitable for a hydrogen fuel cell application. Pre combustion capture offers separation of CO2 from hydrogen before combustion. It means that pure hydrogen can be fed to the fuel cell which results in a long life for the fuel cell. It also gives an advantage of using PEMFC (operates on very low temperature) with ease and helps in commercialization of the same by bringing down the cost of maintenance. All the gas separation technologies can be grouped into three main groups: pressure swing adsorption (PSA), cryogenic distillation and selective permeation through a membrane (Fig. 11). 

Solvents:

 Amine scrubbing technology was developed 60 years ago for commercial use in oil and chemical industries. It is used for the removal of CO2 and hydrogen sulphide from the gas stream. It is the most recognized technique available for CO2 capture in gas streams that are chemically reducing.

 Today, there are several facilities in which amines are used to capture CO2 from flue gas streams, one example being the Warrior Run coal fired power station in the USA where 150 t/d of CO2 is captured.

 Mono-ethanolamine (MEA) is a type of amine widely used for CO2 capture by which the CO2 recovery rates of 98% and a product purity of more than 99% can be achieved.

There are, however, questions about its rate of degradation in the oxidising environment of a flue gas and the amount of energy required for regeneration.

 Improved solvents could reduce energy requirements by as much as 40% compared to conventional MEA solvents. There is considerable interest in the use of stericallyhindered amines which have been claimed to have good absorption and desorption characteristics.

 The conditions for CO2 separation in pre-combustion capture processes will be quite different from those in post-combustion capture. For example, in a coal IGCC process, modified for capture, the CO2 concentration would be about 35-40% at a pressure of 20 bar or more. In that case, physical solvents, such as Selexol, could be used for precombustion capture of CO2, with the advantage that the CO2 can be released mainly by depressurisation, thereby avoiding the high heat consumption of amine scrubbing processes. However, depressurisation of the solvent still results in a significant energy penalty.

Sorbents:

 Solid adsorbents, such as zeolites and activated carbon, can also be used to separate CO2 from gas mixtures. In pressure swing adsorption (PSA), the gas mixture flows through a packed bed of adsorbent at elevated pressure until the concentration of the desired gas approaches equilibrium. The bed can be regenerated by reducing the pressure.

 On the other hand, in temperature swing adsorption (TSA), the adsorbent is regenerated by raising its temperature. PSA and TSA are commercially practiced methods of gas separation and are used to some extent in hydrogen production and in removal of CO2 from natural gas.

 Adsorption has not been considered as an attractive method for large-scale separation of CO2 from flue gas till date because the capacity and CO2 selectivity of available adsorbents is low. However, it may be successful in combination with other capturing methods or solutions.

Cryogenics:

 CO2 can be separated from other gases by cooling and condensation. Cryogenic separation is widely used commercially for streams that already have high CO2 concentrations (typically >90%) but it is not used for diluted CO2 streams.

 The amount of energy required to provide the refrigeration necessary for the process, particularly for dilute gas streams is a major disadvantage of cryogenic separation of CO2. Whereas another disadvantage is that to avoid blockages some chemical compounds, such as water, have to be removed before the gas stream is cooled.

 Cryogenic separation has the advantage that it enables direct production of liquid CO2, which is feasible for certain transport options, such as transport by ship. Cryogenics could normally be applied only for high concentration, high pressure gases, such as in pre-combustion capture processes or oxygen fired combustion.

Membranes:

 Gas separation membranes allow one component in a gas stream to pass through it faster than the others. There are many different types of gas separation membranes, including porous inorganic membranes, palladium membranes, polymeric membranes and zeolites.

 Usually membranes cannot achieve high degrees of separation, therefore multiple stages and/or recycle of one of the streams is necessary. This leads an increase in energy the consumption and costs.

 Several membranes with different characteristics may be required to separate highpurity CO2. Solvent assisted membranes are being developed to combine the best features of membranes and solvent scrubbing. Much development is required in stability before membranes could be used on a large scale for capture in power stations.

I.2.4.2 Membranes

Separation from membrane offers the advantages of process integration with ease. It also has a very small impact on the environment compared to the other methods that cause pollution by products like spent absorbents, contaminates-solids and solutions. This requires costly treatment and removal process. Currently, the membranes are considered the best way of separation.

In case of a membrane, H2 separation is carried out by selective permeation. In this, H2 enriched gas is supplied under pressure to one side of the membrane. This causes a potential difference which is the ultimate driving force for transporting H2 from the high pressure side to the low pressure side [START_REF] Phair | Materials for separation membranes in hydrogen and oxygen production and future power generation[END_REF].

The optimal technique for H2 separation depends upon various factors such as integration into coal gasification or natural gas reforming, the condition of hydrogen separation (temperature, pressure and impurities) exhibited flexibility, cost and desired purity.

For a fuel cell application, H2 separation by selective permeation is preferred because of its low cost, less energy consumption and simple operation compared to the other two methods (PSA and cryogenic distillation). There are a lot of published studies in which membrane technology is used for H2 separation because of its ease in operation and high purity output on consumption of very less amount of energy [START_REF] Summerfield | Combating Global Warming-Reducing CO2 Emissions from Coal-Fired Power Plant[END_REF].

A hybrid reactor combining a H2 separation membrane with a water gas shift reactor can be very useful in driving water gas shift in the forward direction (e.g. Coal gasification, partial oxidation and steam reforming) resulting in increased hydrogen production and reduced cost of production. Experimental results show that lowering the temperature to 500°C can bring CH4 conversion rate to 62.6% [START_REF] Wu | Dual-enhanced steam methane reforming by membrane separation of H2 and reactive sorption of CO2[END_REF]. In another study, it is found that integration steam reforming with H2 separation membrane not only increases the conversion of methane to H2 but also reduces steam consumption (at low operating temperature 250-400°C) [START_REF] Phair | Materials for separation membranes in hydrogen and oxygen production and future power generation[END_REF].

A CO2 separation membrane is required in two main ways for the production of power and hydrogen. First, it can be used directly to remove CO2 from the products of coal gasification or methane reforming. This leaves hydrogen in pressurized state and saves the cost of recompression which is a costly process. Second, if hydrogen is already removed from the gaseous mixture, CO2 should be separated from the remaining unwanted gases for desolation.

In order to use hydrogen as a green fuel, desolation of CO2 is very crucial. In absence of carbon desolation, hydrogen production from fossil fuels does very little in decreasing CO2 emission globally. As CO2 is a prime contributor for the global warming [START_REF] Summerfield | Combating Global Warming-Reducing CO2 Emissions from Coal-Fired Power Plant[END_REF], separation of CO2 will ensure its storage as a compressed gas before it is stored indefinitely in geological formation, the ocean, as natural carbonates or being used in industrial process.

I.2.4.2.1 Type of membranes

The performance criteria required for the membrane are high flux rate, stability at variable temperature and pressure, easy fabrication, high selectivity 5 even with the presence of other gases and contaminants (e.g. CO, CO2, CH4, H2O and H2S) and low cost. The two important parameters required to measure separation efficiency of the porous material are selectivity and permeance 6 . Both can be determined experimentally using appropriate shape and size of the sample depending upon the application. US DOE sets some stringent targets for hydrogen separation membrane given in Table 3 [START_REF] Schulz | Pressed graphite crystal as gas separation membrane for steam reforming of ethanol[END_REF]. Hydrogen separation membrane can be classified into the following categories:

 Dense metal  Nano porous organic material (e.g. ceramics oxide, glasses and others)

 Organic polymers  Dense ion transport membrane based on proton conducting materials.

Composites in combination with these main material groups are also promising. Research and development in the area of H2 separation shows a considerable growth. The types of membranes are explained below in details and compared on the basis of their separation efficiencies.

Dense metal membrane: Such inorganic membranes are classified into two categories: porous and dense membranes. Porous membranes have high permeance and relatively low selectivity limited by Knudsen diffusion. Whereas dense membranes show the opposite characteristics which means low permeance and high selectivity [START_REF] Yu | Effect of nickel deposition on hydrogen permeation behavior of mesoporous γ -alumina composite membranes[END_REF].

The H2 separation mechanism of a metal membrane is based on 'solution-diffusion' mechanism. Hydrogen transportation from metal membrane consists of a series of steps which are as follows:



Step 1: Adsorption of H2 onto the surface.



Step 2: Disassociation into ions and electrons.

 Step 3: Its adsorption or dissolution into the metal.

 Step 4: Diffusion through bulk of metal.



Step 5: Re association on the metal surface before desorption as a gas.

A dense metal structure helps in restricting other gas molecules to diffuse through the metal thereby separating H2. A dense membrane is generally used in separation of hydrogen at a temperature of 300-600°C. This is typically encountered during gas processing in power generation which is mostly based on Pd [START_REF] Paglieri | Innovations in palladium membrane research[END_REF]. Some studies are focused on Zr-, V-and Wbbased alloys and many amorphous alloys.

Metal membranes that are highly permeable to hydrogen, offer permeation flux proportional to the square root of the differential pressure but are often susceptible to hydrogen embrittlement. Therefore, an optimal membrane with high permeability and good resistance to hydrogen embrittlement should be selected.

A great advantage with a metal membrane is that it produces H2 with high purity (>99.99%). This allows it to be used directly with a PEM fuel cell with Pd as a catalyst. Pd is expensive and also a strategic metal because of its low availability. However, it has a reasonable flux through it and can also catalyse disassociation and re-association of hydrogen.

Pd membranes are used with ceramic porous support or with porous metal support. A number of studies have been found in which a Pd based membrane is used with porous stainless steel support. In one such literature [START_REF] Chen | Transient dynamic of hydrogen permeation through a palladium membrane[END_REF], a transient dynamic behaviour of hydrogen permeation through a Palladium membrane is studied wherein hydrogen permeation has been observed at three different pressures (3 atm, 5 atm and 8 atm) across the membrane (see Fig. 12). If the pressure is relatively low (3 atm), hydrogen permeation proceeds through a three stage process:

i) Time lag, ii) Concave up and iii) Concave down. When the pressure is increased to 5 atm, the three stage process evolves into two stages wherein the time lag stage is absent. Once the pressure is increased to 8 atm the transient hydrogen permeation is completely characterized by the concave down curve, yielding a single-stage mass transfer process. However, when it reaches a steady state, it is not affected by a change in the pressure and 80% of hydrogen can be recovered irrespective of any pressure drop across the sample [START_REF] Chen | Transient dynamic of hydrogen permeation through a palladium membrane[END_REF].

Figure 12: Distribution of volumetric flow rate of hydrogen across the Pd membrane at three different pressure difference and the membrane temperature of 350 °C [START_REF] Chen | Transient dynamic of hydrogen permeation through a palladium membrane[END_REF].

In another case of study, Al2O3 particles of two different sizes (∼1 μm and ∼10 μm) were used to modify the non-uniform pore distribution and surface roughness of PSS tubes prior to the Pd coating. Al2O3 particles (∼10 μm) are used to fill larger pores on the surface, and the smaller pores are left intact. Small Al2O3 particles (∼1 μm) were then used to further decrease the surface roughness. This two way surface modification results in thin, dense Pd membranes with a high hydrogen permeance and a good thermal stability without polishing and etching pretreatments [START_REF] Chi | Preparation of thin Pd membrane on porous stainless steel tubes modified by a two-step method[END_REF].A ceramic support has often been the preferred choice due to its chemical stability, attainability of small pore sizes and uniform pore size distribution, which are essential properties for the formation of defect-free thin membranes [START_REF] Chi | Preparation of thin Pd membrane on porous stainless steel tubes modified by a two-step method[END_REF].

Nano porous membrane: Nano porous membranes made up of ceramic, glasses polymers or carbon can efficiently separate H2 from other gases such as CO2, CO and CH4. It allows H2 molecules to permeate which is quite small (diameter = 2.83Å) compared to the other gas molecules (CH4, N2, CO2, CO, C3H8) [START_REF] Schulz | Pressed graphite crystal as gas separation membrane for steam reforming of ethanol[END_REF]. This allows H2 to diffuse through membrane pores leaving large molecules behind. The membrane acts as a molecular filter whose efficacy depends upon the molecule size distribution and pore size. The advantage associated with such a type of membrane is that H2 flux is directly proportional to the pressure difference across the sample. The purity of hydrogen produced is not of the highest grade (< 95%) because it is difficult to prepare a defect free thin membrane which can attain a sufficient high separation factor through a discrete pore structure. A summary of general properties of different classes of materials for nano porous membrane for hydrogen separation is given in Table 4 [77] [START_REF] Lu | Nanoporous materials: science and engineering[END_REF].

Table 4: General classification of nano-porous materials.

Properties Polymeric Carbon Glass Aluminosilicate Oxides Metal

Pore size 7Mesomacro

Micromeso

Mesomacro Micro-meso Micromeso

Mesomacro

Surface area/porosity

Low>0.6 High 0. Porous ceramics have been seen as a membrane for hydrogen separation in many applications. These types of membranes are based on the silica of an amorphous or crystalline structure but may include a range of zeolite structures including silicate, aluminosilicates and MFI-type zeolites [START_REF] Caro | Zeolite membranes -state of their development and perspective[END_REF]. There are two types of micro porous amorphous silica membranes derived from perhydropolysilazanes (PHPS) and synthesized with and without methyl group at the end of silicon nitrogen backbone. During the test the membrane derived from PHPS having CH3 end groups was found to exhibit higher hydrogen permeation and also higher H2/N2 permselectivity compared to the membrane derived from the PHPS free end group [START_REF] Miyajima | Organic-inorganic layered membrane for selective hydrogen permeation together with dehydration[END_REF].

Recently, membranes have been developed by using the chemical vapour deposition method (CVD) in which a thin film (1µm) of dense SiO2 is deposited on the porous Al2O3 support. A membrane structure consists of solubility sites instead of the connected pores that are usually seen in a normal porous membrane. Therefore, it follows a different permeation mechanism compared to other porous membranes8 [START_REF] Freemantle | Advanced organic and inorganic materials being developed for separations offer cost benefits for environmental and energy-related processes[END_REF].

In aerospace application, Ceramic Matrix Composites (CMC) are usually used as a porous material with controlled permeability [START_REF] Steinhauser | A new concept for thermal protection of all-mullite composites in combustion chambers[END_REF] [90] [91] [START_REF] Dahmen | Numerical boundary layer investigations of transpiration-cooled turbulent channel flow[END_REF] to sustain a large heat load compared to metallic materials, while operating at much higher temperatures. The species like H2, C2H2

and C2H4 produced during pyrolysis 9 of the fuel can even get separated from CH4 by means of the selective permeation property of the CMC porous media [START_REF] Najmi | Effect of flow configuration on Darcian and Forchheimer permeabilities determination in a porous composite tube[END_REF]. The effective coupling of CMC material with the pyrolysis process can allow the use of a fuel cell on board of an aircraft.

This will render the current aircraft technology cleaner and better without the necessity of carrying pure hydrogen but by producing it from the available on board fuel. In a few studies, Ceramic Matrix Composites membranes that are prepared using dip coating, are found suitable for microfiltration applications [START_REF] Nandi | Effects of dip coating parameters on the morphology and transport properties of cellulose acetate-ceramic composite membranes[END_REF]. In another study ceramic supported composite membranes are used to separate CO2 from the light gases like H2 and N2 [START_REF] Liu | Ceramic Supported PDMS and PEGDA Composite Membranes for CO2 Separation[END_REF]. The mixed matrix carbon stainless steel (MMCSS) membranes, prepared by SS particles of 6, 10, 16 and 45 μm in diameter, was used to study the N2 separation in synthetic flue gas composition (13% CO2 and 87% N2). It was found that CO2 permeation was controlled by surface diffusion because of its strong affinity towards the surface of the MMCSS materials. Whilst N2 was controlled by the faster Knudsen diffusion mechanism because of its non-absorbing behavior [START_REF] Schmeda-Lopez | Mixed matrix carbon stainless steel (MMCSS) hollow fibres for gas separation[END_REF]. This selectivity property of CMC depends upon the permeability10 of the porous medium [97] [98].

Porous organic membrane is also making a mark in case of hydrogen separation. A polymeric gas separation membrane is prepared by the phase inversion method. Polymer concentration is an important variable which can change the morphology and behavior of the membrane. In a recent study, different membranes have been prepared with different concentration of polyetherimide (PEI) solution in order to study H2/CH4 separation. The result shows that the membrane which had a higher concentration of polyetherimide (PEI) solution than the critical concentration was more suitable for gas separation [START_REF] Shamsabadia | Role of critical concentration of PEI in NMP solutions on gas permeation characteristics of PEI gas[END_REF]. The influence of pressure on H2 and CH4 permeance and on the selectivity of a mixed binary gas shows that the permeance of both gases declined by pressure enhancement and the selectivity increased [START_REF] Shamsabadia | Role of critical concentration of PEI in NMP solutions on gas permeation characteristics of PEI gas[END_REF].

Non porous organic polymer membrane: Non porous polymer membranes have been used

in the industry for gas separation. The solution-diffusion mechanism is used for the permeation of hydrogen through the membrane. This mechanism does not require hydrogen dissociation and re-association steps unlike dense metal or mixed electron and proton conducting membranes for hydrogen separation. The operational temperature of polymeric membrane is about 100°C. However, in some cases it can be increased up to 200°C [START_REF] Kluiters | Status review on membrane systems for hydrogen separation[END_REF].

Non porous organic membranes are classified into two polymer categories, 1) rubbery and 2) glassy [START_REF] Stern | Polymers for gas separations: the next decade[END_REF]. The classification is mainly based on their formation temperature relative to their glass transition temperature (Tg). The polymers that are formed below the Tg are called glassy while those formed above Tg are referred to as rubbery. The process of separation by polymer membrane mainly depends upon the relative solubility of gases to be separated. The properties of a gas which can affect the solubility inside the polymer are chemical affinity (e.g. molecule polarisation) with the polymer, its condensability and kinetic diameter (Table 5) [START_REF] Braker | Matheson Gas Data Book[END_REF]. Major properties of the polymer, affecting the permeability of the gas, include the free volume content, degree of crystallisation, crosslinking, molecular weight and glass transition temperature. Glassy polymers are mostly preferred over rubbery polymers for removing H2 from a gaseous mixture stream, since permeation can be controlled by diffusion selectivity rather than solubility selectivity as for rubbery polymers [START_REF] Freeman | Basis of Permeability/Selectivity Tradeoff Relations in Polymeric Gas Separation Membranes[END_REF]. It is known that CO2 is usually highly permeable in polymeric membranes; therefore the selectivity for H2 is not expected to be that good with polymeric membranes. In addition, polymeric membranes have limited applications due to their limited stability issues at temperatures greater than 150-200°C and in aggressive chemical environments (e.g. excess HCl and SOx environments) [START_REF] Kluiters | Status review on membrane systems for hydrogen separation[END_REF]. Therefore, it is necessary to cool the process gases before H2 separation can occur which would require the use of extra energy and add cost to the power and/or H2 production process. Moreover, if it is not possible to obtain high purity H2 gas (because of low separation factors) or higher H2 flux rates, then polymeric membranes are less attractive for potential applications 11 [START_REF] -G | Prospects for hydrogen from coal[END_REF].

Dense ion transport membranes: Dense ceramic membranes with mixed ion and electron transport capabilities are gaining more interest for hydrogen separation. The mechanism for hydrogen transfer is carried out by dissociation of hydrogen to protons and electrons on the high partial pressure side, migration of both electrons and protons through the dense membrane and re-association on the low partial pressure side. The membrane surface must have the capability for charge transfer reactions to take place at both external surfaces or alternatively catalytic layers or electrodes which are required to facilitate H2 dissociation and re-association reactions. Similar to metal membranes, the H2 selectivity is very high (>99%) and no secondary purification of the separated H2 is required.

Most of the work to date has been performed on a perovskite-type proton conducting phase and these materials are well suited for operation at high temperatures (>500°C) [START_REF] Balachandran | Development of mixed-conducting oxides for gas separation[END_REF] [106]

[107] [START_REF] Song | Defect Structure and Transport Properties of Ni - SrCeO3 - δ Cermet for Hydrogen Separation Membrane[END_REF]. However, there are some other categories of materials which also show promising proton conductivities. These include a range of hydrated or water containing compounds (e.g.

polyoxometallates: H3PW12O40 • 29H2O), compounds containing structural protons (e.g. oxo salts, oxo acid salts: CsH2PO4, Li2SO4, CsNO3), and other dense oxides (e.g. pyrochlores, and mixed phase perovskites) and sulphides [109] [110]. A significant distinction between these categories is the different temperature range at which they achieve their highest proton conductivities and the requirement of a second phase (e.g. metal or electron conducting oxide) to conduct electrons. The strength and chemical stability of the materials, varies as a function 11 The H2 permeabilities and H2/CO2 selectivities for different polymer membranes are provided in annexure A.1

of the composition and temperature, and must be considered when selecting the optimum dense membrane for a specific H2 separation application 12 .

Based on above literature study a brief classification is made (Fig. 13). In most of the above mentioned studies, the separation of gases is carried out on the basis of 1) Knudsen diffusion, 2) capillary condensation and 3) molecular sieving mechanisms [START_REF] Okon | Evaluation of the performance of α-alumina nano-porous ceramic composite membrane for esterification applications in petroleum refinery[END_REF]. Therefore, different types of coatings and membranes were used on porous stainless steel supports to enhance the adsorption properties and to improve the gas permeance and the selectivity of the material. There are now various CO2/H2 selective membranes for syngas purification [START_REF] Abdollahi | Ultra-pure hydrogen production from reformate mixtures using a palladium membrane reactor system[END_REF][START_REF] Bai | Carbon dioxide-selective membranes for high-pressure synthesis gas purification[END_REF]. Some inorganic palladium based membranes have an infinite selectivity but they suffer from Hydrogen embrittlement and sulphur poisoning [START_REF] Abdollahi | Ultra-pure hydrogen production from reformate mixtures using a palladium membrane reactor system[END_REF]. It is also difficult to scale up the fabrication of palladium membranes that could be rolled into large robust modules for practical applications [START_REF] Abdollahi | Ultra-pure hydrogen production from reformate mixtures using a palladium membrane reactor system[END_REF]. Thus, there would be clearly be a need for a simpler way for separation of gases. It can be a non-coated carbon matrix composite.

Figure 13: Classification of the methods used in various studies for the study of selective permeation of H2.

12 An overview of the optimal temperatures and conductivities for hydrogen separation membranes based on dense proton conducting materials is provided in annexure A. The separation efficiency of a membrane is determined on the basis of two parameters: first is gas permeability 13 (or permeance) and the second is selectivity. Over the last decade, it has been recognized that the separation factor for gas pairs varies inversely with the permeability of the more permeable gas of the specific pair. Indeed, an analysis of the literature data for binary gas mixtures from the list of He, H2, O2, N2, CH4, and CO2 reveals this relationship for these mixtures [START_REF] Robeson | Correlation of separation factor versus permeability for polymeric membranes[END_REF][START_REF] Chenara | Gas permeation properties of commercial polyphenylene oxide and cardo-type polyimide hollow fiber membranes[END_REF]. Hence, the determination of the permeability and studying the factors affecting it is of prime importance prior to selectivity study.

In the next section different types of permeability are explained with the procedure to determine it. In addition the factors affecting the permeability and determination procedure are also explained in details. Various experimental configurations are also discussed.

I.3 Fluid flow theory

The fluid flow in a porous medium plays an important role in many areas such as reservoir engineering [START_REF] Marquart | Estimation of geothermal reservoir properties using the Ensemble Kalman Filter[END_REF], petroleum [START_REF] Tanaka | Preparation of palladium and silver alloy membrane on a porous α-alumina tube via simultaneous electroless plating[END_REF], environmental [START_REF] Zuo | Double MRT lattice Boltzmann model for axisymmetric convective flow[END_REF], groundwater hydrology [START_REF] Chang Min | Environmental behavior of engineered nanomaterials in porous[END_REF], aerospace and fuel cell application [START_REF] Najmi | Effect of flow configuration on Darcian and Forchheimer permeabilities determination in a porous composite tube[END_REF]. Accurate description of fluid flow behaviour in the porous media is essential to the successful design and operation of projects in these areas. A porous media is a material that consists of void spaces occupied by one or more fluid phases (e.g. gas, water, oil) and a solid matrix. These void spaces can contain close or open pores which are responsible for the fluid flow through the porous media. The porous media can be classified into three groups depending upon the pore size; these are microporous, mesoporous and macroporous (See Fig. 14) [START_REF] Guliants | Ordered mesoporous and macroporous inorganic films and membranes[END_REF].

Figure 14: Classification of porous media on the basis of its pore size 13 It can be obtained by multiplying permeance with the membrane thickness. More details are given in section I.4.

Porous media classification

Pore size

Microporous < 2nm

Mesoporous 2-50 nm

Macroporous > 50nm

The size of the pores is also responsible for the mechanism by which the fluid transfer will take place through the porous media (Fig. 15). If it is greater than the mean free path 14 (λ) length of the fluid, the transfer of fluid particle is mainly governed by a bulk diffusion and viscous flow. In a case where the pore size is of the same order or smaller than the mean free path length the fluid transfer occurs by Knudsen diffusion and surface diffusion [START_REF] He | Gas Diffusion Mechanisms and Models[END_REF]. In some cases, multilayer adsorption and capillary condensation may also contribute to fluid transfer.

If the pore size is comparable to the fluid molecule size, the fluid flow is regulated by activated transport. The Knudsen number (Kn) is calculated using the following relation [START_REF] He | Gas Diffusion Mechanisms and Models[END_REF] [122]:

𝐾𝑛 = 𝜆 𝐷 = µ • ∏ • 𝑣 4 • 𝑃 • 𝐷 (1.29)
Where λ is the mean free path and ∏ is a constant. There are three types of flow regimes depending upon the Kn value which are as follows: i) Kn > 1 molecular flow, ii) 1 > Kn > 0.01 transition flow, iii) Kn < 0.01 continuum flow.

In a molecular flow, the mean free path of the particles is much greater than the diameter of the tube. Therefore, the majority of the particles move along the straight trajectories until they hit a wall. Collisions between the particles occur very rarely, they move independently of each other. This type of a flow is only caused by the kinetic energy of the particles [START_REF] Halwidl | Flow of gases. In: Development of an Effusive Molecular Beam Apparatus[END_REF]. 14 The mean free path is the average distance travelled by a moving molecule between collisions.

However, in the case of a continuum flow, the mean free path of the particles is much smaller than the diameter of the tube. Hence collision of the gas particles is very frequent, resulting in a frequent exchange of momentum and energy. A continuum flow can either be turbulent or laminar viscous. A transition flow comes between the molecular flow and the continuum flow [START_REF] Halwidl | Flow of gases. In: Development of an Effusive Molecular Beam Apparatus[END_REF].

The amount of the fluid which can flow through the porous media depends upon the permeability value of the material. Basically, there are two types of permeability: Darcian's and Forchheimer's [START_REF] Najmi | Effect of flow configuration on Darcian and Forchheimer permeabilities determination in a porous composite tube[END_REF]. Darcy's permeability is a property of the porous material and does not change with the change in fluid [START_REF] Najmi | Effect of flow configuration on Darcian and Forchheimer permeabilities determination in a porous composite tube[END_REF]. Darcy's law has a linear relation between the average velocity and the pressure gradient. Unfortunately, it is recognized that this linear relationship is valid only when the pressure gradient or flow velocity (laminar flow) is very small. As the Reynolds number (Re) increases up to a critical value, the relationship will become nonlinear [START_REF] Zeng | A Criterion for Non-Darcy Flow in Porous Media[END_REF]. Therefore, Forchheimer's term is introduced into the Darcy law to represent the microscopic inertial effect. Permeability is often determined experimentally in a laboratory with the disc samples (outlet of the flow is achieved through the porous material) and normal flow. However, this configuration is far from the configuration used in industry consisting of tubes (a main flow is found additionally to the one through the material, tangential permeability). There are various factors that can affect the permeability determination procedure which are as follows: Permeability of the porous media, geometry of the porous media, fluid flow direction and type of flow.

I.3.1 Darcy's and non-Darcy's law

In order to describe the flow through the porous media, the flow equations can be derived by the combination of the mass equation with the transport equation (Darcy's equation) and the various equations of the state. Here, it is essential to consider Darcy's law as it is the basis of all flow equations and it is the fundamental law of fluid motion in a porous media [START_REF] Zeng | A Criterion for Non-Darcy Flow in Porous Media[END_REF].

Darcy's law was formulated in 1856 and states that the velocity of a homogeneous fluid in a porous medium is proportional to the pressure gradient, and inversely proportional to the fluid viscosity [START_REF] Zeng | A Criterion for Non-Darcy Flow in Porous Media[END_REF]. In fact, Darcy's law is the empirical equivalent of the Navier-Stokes equations.

The one-dimensional Darcy's equation can be written as:

- 𝑑𝑃 𝑑𝑋 = µ. 𝑉 𝐾 𝐷 (1. 30 
)
Where P is the pressure, X is the direction of fluid flow (Fig. 16), µ is the dynamic viscosity, V is the superficial velocity, and KD is the Darcy's permeability. Darcy's equation cannot be used to measure the flow with high velocities such as turbulent flow. Because the rate at which pressure gradient increases is higher than the mass flow rate.

Many corrections have been attempted in order to correct Darcy's equation. One such attempt was executed by Forchheimer in 1901. He added a second order of the velocity term to form the Forchheimer equation (Eq. 1.31).

- 𝑑𝑃 𝑑𝑋 = µ𝑉 𝐾 𝐷 + 𝛽. 𝜌. 𝑉 2 (1.31)
The added term represents the microscopic inertial effect. Wherein, β is the Forchheimer coefficient Another attempt is carried out by Brinkman. He has considered the macroscopic shearing effect between the fluid and the pore walls and hence added the second-order derivatives of the velocity to the Darcy equation [START_REF] Brinkman | A calculation of the viscous force exerted by a flowing fluid on a dense swarm of particles[END_REF], resulting in the Brinkman equation.

- 𝑑𝑃 𝑑𝑋 = µ𝑉 𝐾 𝐷 -µ ( 𝑑 2 𝑉 𝑑𝑌 2 + 𝑑 2 𝑉 𝑑𝑍 2 ) (1.32)
Here, X, Y and Z are in mutually perpendicular directions.

Non-Darcy effect seems to have significantly seems to influence the gas well performance also. Therefore a numerically study is carried out by Holditch and Morse to investigated the non-Darcy effect on gas well productivity and conductivity of an effective fracture [START_REF] Holditch | The effects of non-Darcy flow on the behavior of hydraulically fractured gas wells[END_REF]. Their results show that non-Darcy flow could reduce the effective fracture conductivity by a factor of 20 or more, and the gas production by 50%. Non-Darcy effect on hydraulically fractured wells has also been confirmed by some other studies [START_REF] Martins | The effects of non-Darcy flow in propped hydraulic fractures[END_REF].

Due to the importance of the non-Darcy effect, efforts have been made to include it in well performance simulations [START_REF] Ewing | Aspects of upscaling in simulation of flow in porous media[END_REF]. However, its inclusion increases the expense of the numerical simulation with a high order of approximation [START_REF] Garanzha | Validation of non-Darcy well models using direct numerical simulation[END_REF]. Hence a feasible and easy criterion for predicting non-Darcy flow in porous media is required.

Some works on the criterion for non-Darcy flow behaviour in porous media have been published [132] [123]. By considering a fact that non-Darcy flow in porous media was similar to turbulent flow in a conduit. Hence the Reynolds number is used to describe non-Darcy flow in porous media. These authors performed fluid flow experiments on packed particles, and redefined the Reynolds number, Re, as

𝑅 𝑝 = 𝜌𝑑 𝑝 𝑉 µ (1.33)
where, dp is the pore diameter of the particles.

Their experiments show that the critical Reynolds number for non-Darcy flow to become significant is in the range of 40-80. Using the above relation of Reynold's number it is found that non-Darcy effect becomes significant at Re = 10 -1000 in an unconsolidated porous media and at Re = 0.4 -3 in loosely consolidated rocks [START_REF] Chilton | Pressure drop in packed tubes[END_REF]. The value of a critical pore Reynold's number depends upon the porous media. Hence, it is different for different kinds of porous media.

I.3.2 Effect of different geometries of porous media on Darcy's equation

The geometry of a porous media plays an important role in the area of permeation. It also affects the equation for permeability determination (Darcy's law). It can be classified into two groups, linear and radial. The kind of geometry in which a porous flow remains parallel to the main flow is called a linear flow. It imposes the entire fluid to flow through the porous media;

it means inlet is equal to the outlet flow (Fig. 17a). This is because there is only one exit. In this case, the permeation mostly depends upon the pressure drop across the porous sample. The higher the pressure drop, the higher will be the flowrate through the porous media.

In the radial geometry, the porous flow is perpendicular to the main flow (Fig. 17b). There are two exits, one is through the porous media (outlet 2) and the second is on the opposite side 

I.3.3 Experimental methods for permeability determination

The method of permeability determination can be broadly classified into two group's laboratory methods or field method [START_REF] Wenzel | Methods for determining permeability of water-bearing materials with special reference to discharging-well methods[END_REF]. Field methods are mostly used in the area of waterbearing materials such as soil (civil engineering) and gas wells (petroleum industry) [START_REF] Wenzel | Methods for determining permeability of water-bearing materials with special reference to discharging-well methods[END_REF].

Laboratory methods are mainly used to determine the permeability of rigid porous materials such as porous stainless steel, carbon composites bronze and many more [START_REF] Najmi | Effect of flow configuration on Darcian and Forchheimer permeabilities determination in a porous composite tube[END_REF]. These rigid porous materials are characterize by Darcian and Forchheimer permeabilities as explained above [START_REF] Tabach | Impact of post-processing methods on accuracy of darcian and forchheimer permeabilities determination[END_REF]. Therefore the correct estimation of permeabilities is required in a number of applications such as aerospace, gas separation and chemical industry [START_REF] Tabach | Impact of post-processing methods on accuracy of darcian and forchheimer permeabilities determination[END_REF]. Laboratory methods can be further classified into direct and indirect methods (Fig. 19). In the direct method permeability is determined by the observation of the fluid flow through the porous media. The mathematical relation used to determine permeability consists of a mass flow rate, cross sectional area and pressure gradient due to which fluid flow occurs across the porous media [START_REF] Tabach | Impact of post-processing methods on accuracy of darcian and forchheimer permeabilities determination[END_REF][START_REF] Najmi | Effect of flow configuration on Darcian and Forchheimer permeabilities determination in a porous composite tube[END_REF]. In the indirect method the analysis is carried out to determine the physical properties of the porous material such as grain size and porosity. Thereafter the coefficient of the permeability is computed through the evaluation of semiempirical formulas that include factors for the size and arrangement of the particles, or conversely, the voids formed by the particles [START_REF] Wenzel | Methods for determining permeability of water-bearing materials with special reference to discharging-well methods[END_REF]. In general, the factors for the direct formulas are easier to determine and are usually more accurate than those for the indirect formulas [START_REF] Wenzel | Methods for determining permeability of water-bearing materials with special reference to discharging-well methods[END_REF]. No attempt has been made to describe the indirect method of permeability determination completely but only to present the most important features in the present state of art.

There are three different direct methods of permeability determination: Dracy's, Brinkman's and Time lag. Darcy's method consists of only one term (Darcy's term) by neglecting the Forchheimer term (ρV /µ) as already explained above. This is generally used for fluid flow with a low velocity [START_REF] Tabach | Impact of post-processing methods on accuracy of darcian and forchheimer permeabilities determination[END_REF]. It is shown that a pore Reynolds of unity is the threshold between laminar regime (Darcy's term) and turbulent regime (Forchheimer's term) [START_REF] Gascoin | Comparison of two permeation test benches and of two determination methods for Darcy's and Forchheimer's permeabilities[END_REF]. In the coming section Brinkman's and timelag method will be explained in detail. Time lag method Indirect Method

I.3.3.1 Brinkman's Equation

The Brinkman's equation can be rewritten in two different forms. These two different forms result in two different methods of permeability determination. The first method (the socalled "ISO method" in this work) consists of using the norm ISO 4022 which is based on a rewriting of the Brinkman's equation. The second method (the so-called "P 2 method" in this work) is based on the integration of the Brinkman law assuming perfect gas and isothermal conditions [START_REF] Hansbo | Weakly imposed Dirichlet boundary conditions for the Brinkman model of porous media flow[END_REF][START_REF] Langener | Experimental investigations on transpiration cooling for scramjet applications using different coolants[END_REF].

ISO Method

It The Stokes equation is also known as Forchheimer's equation [140] [141]. Numerous other formulations of the Brinkman's equation can also be found [142] [143]. A large range of flow regimes through a porous media can also be described by using power laws [START_REF] Rathish | Free convection in a non-Darcian wavy porous enclosure[END_REF]and cubic laws [START_REF] Aulisa | Geometric framework for modeling nonlinear flows in porous media, and its applications in engineering[END_REF].

In order to compute Darcian's and Forchheimer's permeabilities from the measured parameters on the experimental bench, the ISO 4022 norm urges to use the modified form of the above equation (Eq. 1.35):

11 DF P V L V K K      (1.36)
The dynamic viscosity, the density and the fluid velocity in the model given by Eq. (1.36) are calculated at the mean value of the inlet and the outlet pressures. This linear model (called ISO model) can be used for the experiments, and both the permeabilities for different porous samples can be determined. To determine the permeability, ISO method considers the evolution of the term P LV   as a function of V  

.

P 2 method

Computational Fluid Dynamics codes or engineering mostly rely on well-defined upstream conditions. This makes it necessary to use another method based only on the inlet condition.

To overcome this shortcoming, another method which is based on the use of a quadratic model (called P 2 model) is considered as a second method for the determination of Darcian's and Forchheimer's permeabilities. The P² model is written as [START_REF] Najmi | Effect of flow configuration on Darcian and Forchheimer permeabilities determination in a porous composite tube[END_REF]:

2 2 2 2 inlet outlet inlet inlet inlet inlet D F P P V V P L P L K K       (1.37) with inlet inlet m V A   and 𝜌 𝑖𝑛𝑙𝑒𝑡 = 𝑃 𝑖𝑛𝑙𝑒𝑡 𝑅 ̇• 𝑇 ⁄
where 𝑅 ̇ is the gas constant and T is the room temperature. In case of the P 2 method the evolution of

P L  versus inlet V is considered in order
to determine the permeability.

I.3.3.2 Time lag method

The Time lag method is used when the transport of fluid occurs through diffusion or sorption. The permeation cell consists of an upstream and a downstream chamber separated by a porous sample. A gas at some pressure is introduced into the upstream part at time zero and maintained at the same pressure throughout the experiment. The permeate gas is continuously monitored in the downstream, using a pressure transducer. The pressure rise occurs after certain time depending upon the porous media, this period of waiting is called the time lag. Time lag θ indicates the quasi steady state diffusion process which remains till the pressure in the entire cell reaches equilibrium. The following two parameters: time lag (θ) and asymptote slope (a), can be determined using the plot in Fig. 20 [START_REF] Favre | Experimental evidence and implications of an imperfect upstream pressure step for the time-lag technique[END_REF]:

𝜃 = 𝑙 2 6𝐷 (1.38) 𝑎 = 𝐴 𝑑 • 𝑅 • ̇𝑇 • 𝑠 • 𝑃 𝑖𝑛 𝑉 • 𝑙 (1.39)
Where, l is the sample thickness, A is the effective area of the porous sample, 𝑅 ̇ is the gas constant, T is the temperature, Pin is the upstream pressure determined experimentally.

The above two (Eq. 1.38 and 1.39) equations help in determining three important 

I.3.4 Factors affecting permeability

The porous microstructure is to be described by four parameters, namely, porosity, a shape factor, a characteristic length (thickness) and tortuosity [START_REF] Plessis | Mathematical Modelling of Flow Through Consolidated Isotropic Porous Media[END_REF]. In most of the porous media, permeability is directly proportional to its porosity which is the fraction of the material's total volume that is occupied by pores or voids. However, it is not always true. Surface factors determine the magnitude of permeability by increasing or decreasing the area of the cross section of open pores. These factors affect the geometry of the pores but remain independent of the type of fluid. Materials formed by stacked arrays have equal porosities. While the cross sectional areas of pores differ dramatically, hence the permeabilities of these arrays also differ [START_REF] Zhang | The influence of room temperature deformation on porosity and permeability in calcite aggregates[END_REF]. When the equation given by Ergun (1952) (modified form of Chilton and Colburn's definition) for Reynolds number in terms of porosity, 𝜀 is compared with the equation proposed by Green and Duwez (1951) which gives porosity in terms of permeability, the resultant equation can be written as [START_REF] Zeng | A Criterion for Non-Darcy Flow in Porous Media[END_REF]:

𝐾 𝐷 = 𝑑 𝑃 𝛽 • 1 1 -𝜀 (1.41)
Permeability is also affected by the grain size and shape. The grain shape can be classified on the basis of roundness, roughness and sphericity. Roundness is the measure of smoothness of the grain surface, varying from angular to round. Roughness is the degree of texture on the grains. Sphericity is an approximation of the grain shape to that of a sphere. Variability in the grain shape can affect the packing arrangement, and may hinder in reaching the closest possible packing, it can ultimately affect the permeability. As the packing arrangement varies from loose to tight, the contact between the neighbouring grains increases. Consequently, the space between the grains and area open to the flow decreases, resulting in lower permeability [START_REF] Paerson | The equivalent channel model for permeability and resistivity in fluid-saturated rock: a re-appraisal[END_REF].

In the area of water bearing materials' study, Darcy's law is sometimes expressed as [START_REF] Wenzel | Methods for determining permeability of water-bearing materials with special reference to discharging-well methods[END_REF]:

𝑉 ̇= 𝐼 • ℎ • 𝐴 (1.42)
where 𝑉 ̇ is the quantity of fluid discharged in a unit of time, I is the constant which depends on the character of the material, especially on the size and arrangement of the grains, h is the hydraulic gradient, and A is the cross-sectional area through which the water percolates.

Increase in the stress and pressure inside the grain structure can cause the bulk and pore volume to get compressed, causing a decrease in the permeability. Fluid pressure also affects the permeability, an increase in the fluid pressure opens the pores, while a decrease can cause the closing of pores [START_REF] Liu | Interactions of multiple processes during CBM extraction: a critical review[END_REF].

In case of rocks, a term called permeability anisotropy exists, which could also be useful in the case of materials. Permeability anisotropy is the measure of variation in permeability with respect to the direction of flow. Grain sphericity and the presence of fractures are the factors that affect the directionality of permeability. Spherical grains form isotropic packs that allow fluid to flow uniformly in all directions. However flattened and elongated, grains tend to rest horizontally and parallel to each other and form a layer which affects the ease of fluid flow.

Anisotropic permeability is found to be higher for a fluid flowing parallel to the surface than perpendicular to it.

Because of the pore structure and grain network, the path taken by fluid is longer than the thickness of the porous media through which the fluid is flowing (Fig. 21). Tortuosity is the ratio of the actual travelled distance to thickness of porous media. Permeability is inversely proportional to tortuosity [START_REF] Panda | Estimation of single-phase permeability from parameters of particlesize distribution[END_REF].

Figure 21: Fluid flow in porous media.

I.3.5 Effect of boundary layer on permeation process

The development of a boundary layer in a porous media occurs when a fluid is flowing parallel to the porous surface (Fig. 17b). In case of a linear flow, where the inlet and outlet flow is perpendicular to the surface, the boundary layer remains absent (Fig. 17a).

While studying the permeation in a porous tube, it is very important to note that there are two kinds of flows, first: axial flow (inside the tube) which is in the main channel and second: radial flow (porous flow) which is through the porous media and perpendicular to the main flow. The main flow and the porous flow are connected to each other. Both the flows can be further classified as laminar and turbulent, and can be characterized by different mathematical relations [START_REF] Cengel | Fluid Mechanics: Fundamentals and Application[END_REF]. There are various studies which suggest that the permeation process is affected by the development of the boundary layer. [START_REF] Yi | Effects of the boundary layer and interfacial reaction on the time lag in supported liquid[END_REF] found that the boundary layer transport and the interracial reaction, shift the time lag to a large value [START_REF] Yi | Effects of the boundary layer and interfacial reaction on the time lag in supported liquid[END_REF]. [START_REF] Hwang | Effect of thickness on permeability[END_REF] 

I.3.6 Estimation of boundary layer thickness depending on type of flow

The development of a boundary layer depends upon the type of flow which is either laminar or turbulent. In a laminar flow, the boundary layer is a region of the flow in which the viscous shearing forces are felt. A laminar boundary layer consists of only one region (cf. Table 6). While in case of a turbulent flow, the boundary layer consists of four regions, characterized by the distance from the wall. The very thin layer next to the wall where the viscous effects are dominant is the viscous (or laminar or linear or wall) sublayer. Next to the viscous sublayer is the buffer layer, in which the turbulent effects become significant but the flow is still dominated by viscous effects. Above the buffer layer is the overlap (or transition) layer, also called the inertial sublayer, in which the turbulent effects are much more significant but still not dominant. The remaining part of the flow above the overlap layer is the turbulent layer in which the turbulent effects dominate over molecular diffusion (viscous) effects (cf. Table 6). A viscous sublayer in a turbulent flow is equal to the boundary layer in a laminar flow [START_REF] Cengel | Fluid Mechanics: Fundamentals and Application[END_REF]. It can be computed using following relation:

δsublayer = (25 × ν)/ V) (1.43)
Where

ν (𝜈 = µ 𝜌
) is the kinematic viscosity, and V is the average velocity.

Entry length, also known as hydrodynamic entry length Lh, is the length of the hydrodynamic entrance region. This region starts from the pipe entrance and ends at the point where the boundary layer merges with the centerline. The flow in the entrance region is known as a hydrodynamically developing flow since this is the region where the velocity profile develops. The region beyond the entrance region in which the velocity profile is fully developed, remains unchanged and is called the hydrodynamically fully developed region.

From Eq. 1.43 it is clear that the boundary layer thickness depends upon fluid properties like density, dynamic viscosity and velocity inside the tube. All these properties are strong functions of type of fluid, pressure and temperature. In the experimental studies estimation of various fluid properties such as density, dynamic viscosity and velocity depend upon pressure, temperature and type of fluid. In this study all the experimental work is performed at ambient temperature. Hence all the fluid properties vary according to the pressure. Therefore, it is important to determine pressure inside the tube correctly. 

I.3.7 Estimation of pressure inside the porous tube along its length

The fluid flow inside the tube seems to be quite simple but it is a complex phenomenon to explain in terms of physics. In general, the flow in a pipe can be determined by first measuring the length and diameter of the pipe and then calculating the flow capacity as the function of pressure. However, the fluid flow in a porous tube can be characterised as a complex phenomenon due to the diverse and unclear flow paths. Inside the porous tube, the fluid flow occurs in two directions, one in the axial direction (also known as main flow) and the other in the radial direction through the porous media (also known as radial flow, permeate flow, porous flow or perpendicular flow) as described above in section I.3.2.

For estimating the pressure inside a porous tube, radial as well as axial flow should be considered. There are some mathematical models which can predict the permeate flux but not the velocity and pressure profiles. These published models have at least one of the following shortcomings: (i) they are valid for a very low laminar flow range, (ii) They become invalid for wall Reynold's no. higher than 0.5, (iii) They don't represent the pressure drop across the channel, (iv) They have a high error in the radial systems, (v) They consist of complex algebraic calculations [134] [133].

Therefore, a mathematical model is needed which can predict the pressure along the porous tube by considering an axial as well as a radial flow and also overcomes the shortcomings stated above. Mamouri et al. [START_REF] Mamouri | Analytical solutions for laminar flow in membrane channels with cylindrical[END_REF] 

I.4 Permeance and selectivity

The separation efficiency of the membrane is often evaluated on the basis of two parameters, the first is gas permeability or permeance and the second is selectivity. Selectivity and permeance of gases are determined experimentally [START_REF] Zong | Thin SAPO-34 membranes synthesized in stainless steel autoclaves for N2/CH4[END_REF] [158] as well as numerically [START_REF] Zhang | Investigation of gas permeation behavior in facilitated transport membranes: Relationship between gas permeance and partial pressure[END_REF] [160].

Gas permeability and selectivity is mostly determined experimentally using porous media or porous support of different shape and geometry such as circular, rectangular and tube [START_REF] Chen | Hydrogen permeation and recovery from H2-N2 gas mixtures by Pd membranes with high permeance[END_REF] [87] [99] [START_REF] Ku | Laminar Flow in a Porous Tube with Uniform Mass Injection[END_REF] [163] [START_REF] Okon | Evaluation of the performance of α-alumina nano-porous ceramic composite membrane for esterification applications in petroleum refinery[END_REF]. In a few studies, a single gas is used in order to determine the permeance and selectivity [START_REF] Suda | Gas permeation through micropores of carbon molecular sieve membranes derived from Kapton polyimide[END_REF]. It is found that the separation factor (ideal selectivity) determined using single gases, is different from the separation factor (separation selectivity) calculated using a mixture of gases for the same material [START_REF] Yoshimune | CO2/CH4 mixed gas separation using carbon hollow fiber membranes[END_REF].

The permanence and selectivity characteristics of a membrane are usually determined on the basis of (i) kinetic diameter of gases [4], (ii) special membrane coatings and coating techniques, (iii) average pore size, (iv) Knudsen diffusion, (v) capillary condensation, (vi) viscous flow, and (vii) molecular sieving mechanisms [START_REF] Xiang | Thin poly(etherblockamide)/attapulgite composite membranes with improved CO2 permeance and selectivity for CO2/N2 and CO2/CH4[END_REF] [164] [167] [START_REF] Barma | Synthesis and characterization of ordered mesoporous silica membrane: role of porous support and gas permeation study[END_REF].

In most of the study, separation of gases is carried out on the basis of (i) Knudsen diffusion, (ii) capillary condensation and (iii) molecular sieving mechanisms [START_REF] Smith | he prediction of facilitation factors for reaction augmented membrane transport[END_REF]. Therefore, various types of coatings and membranes are used on a porous stainless steel support to enhance the adsorption properties of porous material which in turn enhances the gas permeance and selectivity of the material. In order to determine the selectivity gas permeance or permeability is determined experimentally. The determination methods depend upon the shape of the porous media and various other factors which will described in the next coming section.

I.4.1 Permeance

The ratio of gas permeability (Ҏ) to the thickness of the membrane (l) or porous media is called permeance (Ԥ) [169] [170]. It can be written in a mathematical form as follows:

Ԥ = Ҏ 𝑙 (1.45)
The gas permeability is a function of the gas composition and mean pressure [START_REF] Lyons | Standard Handbook of Petroleum and Natural Gas Engineering[END_REF]. It can be defined as:

Ҏ = 𝑉 ̇𝑆𝑇𝑃 • 𝑙 𝐴 • 𝛥𝑃 (1.46)
Where Ҏ is the gas permeability, l is the thickness of the porous material, 𝑉 ̇STP is the volumetric flowrate through the porous material at standard temperature and pressure, A is the filtration area and ΔP is the pressure drop across the media. In most of the study the thickness of the porous material (l) remains same, therefore the gas permeability is used instead of gas permeance.

The above equation is applicable when the porous flow occurs in a linear direction. In case of a radial flow, the above equation becomes invalid. The radial form of permeance equation is not available in literature. Therefore, it is derived by keeping the radial form of Darcy's equation in mind, which is already present in a number of literature studies [START_REF] Mamouri | Analytical solutions for laminar flow in membrane channels with cylindrical[END_REF].

Eq. 1.46 can be written as

𝑑𝑃 𝑑𝑟 = 𝑉 𝑆𝑇𝑃 Ҏ
because 𝑉 ̇𝑆𝑇𝑃 = 𝑉 𝑆𝑇𝑃 • 𝐴 and simplified for a cylindrical porous media as:

𝑑𝑃 = ṁ 𝜌 𝑆𝑇𝑃 • Ҏ • 2𝜋𝑅𝑧 𝑑𝑟, 𝑅 < 𝑟 < 𝑅𝑒𝑥𝑡, 0 < 𝑧 < 𝐿 (1.47)
Integrating eq. 1.47

(𝑃 -𝑃 𝑒𝑥𝑡 ) = ṁ 𝜌 𝑆𝑇𝑃 • Ҏ • 2𝜋𝐿 (𝑙𝑛𝑅 𝑒𝑥𝑡 -𝑙𝑛𝑅) (1.48) 

I.4.2 Selectivity

The ability of a porous media to separate two gases (e.g., A and B) is called the selectivity, 𝛼𝐴 𝐵 ⁄ .The selectivity can be calculated by using Eq. 1.49 [START_REF] Efimova | Gas permeability through graphite foil: The influence of physical density, membrane orientation and temperature[END_REF]:

𝛼𝐴 𝐵 ⁄ = 𝑃 𝐴 𝑙 ⁄ 𝑃 𝐵 𝑙 ⁄ (1.49)
Like the permeability, the selectivity is a property of a material.

In few gas mixture study separation factor, α*, is determine to measure of the ability of a porous material to separate a particular gas from a mixture, where xi is the concentration of the gas i on the feed side and yi is the concentration of the gas i on the permeate side.

𝛼 𝐴 𝐵 ⁄ * = 𝑦 𝐴 𝑦 𝐵 ⁄ 𝑥 𝐴 𝑥 𝐵 ⁄ (1.50)
When the fluxes are written in terms of partial pressures and the downstream pressure is much lower than the upstream pressure, the selectivity and the separation factor are equal [START_REF] Ribeiro | Pure-and mixed-gas carbon dioxide/ethane permeability and diffusivity in a cross-linked poly(ethylene oxide) copolymer[END_REF].

The separation factor is not a material property because it depends on the operating conditions Therefore, it is not even commonly discussed in the literature regarding the materials.

I.4.3 Experimental methods of permeance and selectivity determinations

Mostly, gas permeance and selectivity is determined experimentally. There are two ways by which gas permeance and selectivity can be determined experimentally depending upon the available apparatus. First way is by using a single gas and the second is by using a gas mixture [START_REF] Wu | Influence of propane on CO2/CH4 and N2/CH4 separations in CHA zeolite membranes[END_REF]. In the first method, each gas is passed through the porous media separately and gas permeability is determined. For example, if the selectivity of N2 over CO2 has to be determined, N2 will be passed through the porous material first, and all the parameters such as pressure and mass flowrate will be measured. The mass flow rate in most of the cases is measured at the inlet (Fig. 22), because the amount of flow going in is equal to the flow going out. After that, the gas permeability of N2 is determined using the above equation (Eq. 1.46 or 1.48) depending upon the porous flow direction. The permeability determined using single gas also called as pure gas permeability. A similar test is performed using CO2 and pure gas permeability is determined. The ratio of gas permeability ҎN2/ҎCO2 or ҎCO2/ҎN2 will give the selectivity of one over the other as per the requirement. This method is quite simple and doesn't require the use of a gas analyser, but the selectivity value obtained is not similar to the one obtained using the mixture of gases. The selectivity determined by this method is called as ideal selectivity.

Figure 22: Schematic of experimental setup for selectivity determination using single gas

In the second method, a mixture of gases with the required composition is fed at the inlet side of the porous media (Fig. 23). The required composition is achieved using mass flow controllers. Pressure of the individual gas is measured at the inlet which helps in determining the mass flow rate depending upon the number of moles required, using the gas equation. The mass flow rate and pressure is measured at the inlet as well as the outlet. The composition of the gases at the outlet is obtained using a suitable gas analyser. The composition of an individual gas with an outlet mass flow helps in determining various properties like density, viscosity and partial pressure of the individual gas. In the end, the gas permeability value and selectivity is determined. The selectivity determined using mixture of gas is called as separation selectivity.

Figure 23: Schematic of experimental setup for selectivity determination using mixture of gas Mostly, gas permeability is expressed in Barrer and permeance in GPU. Nevertheless, they are also expressed in various other units across the literature 15 [START_REF] Baker | Membrane Technology and Applications[END_REF].

I.5 Determination of physical properties for pure gas

There are many parameters which can be used to characterize the fluid flow inside a porous media, such as density, velocity and viscosity. These parameters are determined as a function of pressure and temperature. The determination method can differ if the number of fluids flowing through the porous media is more than one. In this section, the determination procedure of physical properties for a single fluid flow is described.

I.5.1 Calculation of Density

Density is calculated as a function of pressure and temperature using an equation of state.

In the present study, it is denoted by symbol ρ. The equation can be written as follows [START_REF] Niazmand | Exergy analysis and entropy generation of a reciprocating compressor applied in CNG stations carried out on the basis models of ideal and real gas[END_REF]: 15 Different conversion factors for gas permeability and gas permeance in other units are given in annexure A.2.

𝜌 = 𝑃 [ 𝑅 Ṁ𝑀 ] • 𝑇 (1.51)
Where, ρ is density of the fluid, P is the pressure, MM is the molecular mass of the gas, 𝑅 ̇ is the gas constant and T is the temperature.

I.5.2 Calculation of velocity of fluid

The velocity value determines the nature of the flow (laminar or turbulent), which ultimately helps in identifying the phenomena or mechanism driving the permeation process inside the porous media (as explained in section I.3.3.1). The two parameters that depend upon velocity are Reynold's number and momentum. The velocity is calculated using a relation based on mass flowrate, density and area or more precisely, the effective area 16 (interstitial surface area of the voids and pores) through which the fluid is flowing and where the mass flowrate is measured using an appropriate mass flowmeter and density is determined using a pressure value as described above. This relation can be described as follows:

𝑉 = ṁ 𝜌 • 𝐴 (1.52)

I.5.3 Calculation of viscosity

The viscosity of a single gas is determined using the National Institute of Standards and Technology (NIST) data [START_REF] Najmi | Effect of flow configuration on Darcian and Forchheimer permeabilities determination in a porous composite tube[END_REF]. Viscosity data at varied pressures is taken from NIST for all the fluids used in the present experimental study. The viscosity value is plotted against the respective pressure and a linear relationship is developed. This relationship helps in obtaining the viscosity value at the required pressure.

I.6 Determination of physical properties for binary gas mixture

The mixture of a gas is composed of two or more gases having different chemical as well as physical properties. The mixture of gases can be reactive and non-reactive depending upon the component present in the mixture of the gas. Unlike the single gases, the properties of the mixture is based on the mass of each component, called gravimetric analysis, or on the moles of each component, called molar analysis. It is important to determine the composition of each gas present in the mixture because it can affect physical properties of the mixture (such as viscosity, density, pressure). In the mixture of gases, physical properties cannot be determined using the above described equations because they are a function of single gas properties. 16 The area of open pore space in the cross section that faces or perpendicular to the direction of the flowing fluid Therefore, a modified equation will be used to determine the viscosity, density and pressure by considering the number of moles of each component present in the mixture.

Methodology to determine the inlet mass flowrate on the basis of no. of moles for different volumetric composition

The fluid flow is often measured in terms of mass flow rate in experimental studies.

Therefore it is important to know gas composition in terms mass flowrate. The following relation can be used to obtain the mass flowrate for the required number of moles [START_REF] Niazmand | Exergy analysis and entropy generation of a reciprocating compressor applied in CNG stations carried out on the basis models of ideal and real gas[END_REF]:

𝑃 • 𝑉 ̇= 𝑛̇• 𝑅 ̇• 𝑇 (1. 53 
)
Where P is the pressure, 𝑉 ̇ is the volume flowrate, 𝑛̇ is the mole flowrate, 𝑅 ̇ is the gas constant and T is the temperature. It is easy to determine the composition of gases on mole basis.

Volume flowrate can be written in terms of mass flowrate as 𝑉 ̇= ṁ 𝜌 ⁄ . Substituting the value of 𝑉 ̇ in the Eq. 1.53,

ṁ = 𝜌 • 𝑛̇• 𝑅 • 𝑇 𝑃 (1.54)
Hence the above equation can give the inlet mass flowrate for a required number of moles at a given pressure and temperature.

Similarly, the same equation (Eq. 1.54) can be used to determine the mole flowrate (𝑛̇) if the mass flowrate (ṁ) pressure (P) and temperature (T) are known.

Methodology to determine the partial pressure

Partial pressure of a single gas present in a mixture can be determined using Dalton's law of partial pressure. It states that the total pressure of a mixture of gases is a sum of the partial pressure of individual gases present in the mixture [START_REF] Biira | The role of ZrCl4 partial pressure on the growth characteristics of chemical vapour deposited ZrC layers[END_REF].

𝑃 𝑡𝑜𝑡𝑎𝑙 = 𝑃 1 + 𝑃 2 + ⋯ + 𝑃 𝑖 (1.55)
p is the partial pressure and i is the no. of gases present in the mixture. If the mole fraction of the gas present in the mixture is known, the partial pressure of the respective gas can be determined using the following relation:

𝑃 𝑖 = 𝑥 𝑖 • 𝑃 𝑡𝑜𝑡𝑎𝑙 (1.56)
Here, xi is the mole fraction

Methodology to determine the viscosity of a binary gas mixture

There are a number of equations available in the literature that relate to the dynamic viscosity of a gas mixture and the viscosity of the separate components of the mixture using various physical properties. Amongst which, the Wilke's equation is the most reliable and used very frequently in the industrial application [START_REF] Wilke | Viscosity Equation for Gas Mixtures[END_REF]. Chapman-Enskog theory is extended to include multicomponent gas mixtures, which is known as wilke's equation (Eq. 1.57). It can be written as: 

µ 𝑚𝑖𝑥 = ∑ 𝑥 1 • µ 𝑖 ∑ 𝑥 𝑗 • ф 𝑖𝑗 𝑛 𝑗=1 𝑛 𝑖=1 (1.57) ф 𝑖𝑗 = 1 √8 • [1 + 𝑀𝑀 𝑖 𝑀𝑀 𝑗 ] - 1 2 • [1 + [ µ 𝑖 µ 𝑗 ] 1 2 [ 𝑀𝑀 𝑖 𝑀𝑀 𝑗 ]

Methodology to determine the density of a gas mixture

Similar to a single gas density, the density of a gas mixture is also a function of temperature and pressure. The density of a binary mixture is calculated using gas equation [179] [178]:

𝜌 𝑚𝑖𝑥 = [(𝑀𝑀 𝑖 • 𝑥 𝑖 ) + (𝑀𝑀 𝑗 • 𝑥 𝑗 )] • 𝑃 𝑡𝑜𝑡𝑎𝑙 𝑅 • 𝑇 (1.59)
where, MMi and MMj are the molecular masses of the two species present in the binary mixture. xi and xj are the mole fractions of the two species, Ptotal is the mixture pressure, 𝑅 ̇ is the gas constant and T is the temperature.

I.7 Conclusion

Different types of fuel cells are studied amongst which Solid Oxide Fuel Cell (SOFC) seems promising. The operating temperature in case of SOFCs ranges between 800 °C and 1000 °C. This makes it an important contender for high-temperature applications such as the use on board of an aircraft. Because of its robust design and ability to resist CO2, it can be used as a power source for stationary as well as mobile applications. The operational time is also very high compared to the other fuel cells. The important constituent of a fuel cell is hydrogen which can be produced from various hydrocarbon fuels with different processes. The choice of the production method for hydrogen purely depends upon the application. For instance, in case of aerospace application, H2 can be produced during the pyrolysis (thermal cracking) of the fuel and can be separated by means of the selective permeation property of the CMC porous media. Some numerical and experimental studies have shown, that propane is an excellent fuel and advantageous if used with partial oxidation for small scale applications. There is little or no trace of solid carbon formation if operated between the given operating points (bed temperature 800°C -1000°C and O2/C ratio is 0.5 to 0.6).

Porous media is the most efficient and easiest way of gas separation. Preferably metal membrane can be considered for the separation because of its simple, easy fabrication and as well as high operating temperature compared to other membranes. Different types of permeability, permeance and selectivity are studied. In addition, the factors affecting the same are also presented. Amongst various material porous shape configurations, tube is of particular interest because of its resemblance to the industrial process. There are significant literature studies which conclude that the permeation process is impacted by the development of the boundary layer. This will help in describing the permeation process along the length of the porous tube. The determination methods of various fluid parameters for a single as well as mixture of gases are studied which will be useful in post-processing the experimental results in the coming sections.

II.1 Introduction

Over the last decade, it has been recognized that the separation factor for gas pairs varies inversely with the permeability of the more permeable gas of the specific pair. Indeed, an analysis of the literature data for binary gas mixtures from the list of He, H2, O2, N2, CH4, and CO2 reveals this relationship for these mixtures [114] [115]. Hence the determination of the permeability and studying the factor affecting it is of prime importance prior to the permeance and the selectivity study.

Permeability of the material is mostly determined through experiments using disk sample in laboratory, with normal flow. The outflow through the porous media is measured to determine the permeability of the material. Nevertheless, when using experimentally measured values to numerically simulate realistic engineering configurations, a major disagreement is found regarding the estimation of through flow. Hence, several hypotheses are possible, among which: thermal heterogeneity in the system and particularly in the porous material, material heterogeneity at macroscale and estimation of porous medium properties. Since the lab configuration (the porous disc is inserted into a tube which imposes the entire fluid to flow through the porous medium) is not exactly similar to a realistic one, a dedicated work appears necessary.

In this chapter, two different experimental benches are used. First, two porous metal disks of different porosity and permeabilities (designated as SS3 and SS20 17 ) are used and second, a porous carbon composite tube is considered. If the first configuration is widely seen in lab conditions, the second one is found in many industrial applications (such as fuel cell, gas separation, hydrogen production, methane production and fuel refining) where tangential flows to the porous surface occur. The fluid flow develops along the length of the tube and the through-flow depends on the length of the tube, the nature of the fluid, the pressure, the temperature and the mass flowrate.

So, it is necessary to study the effect of a secondary outlet on the different types of permeabilities (Darcian's and Forchheimer's), method of determination and factor affecting permeabilities prior to the selectivity study. In this chapter, the results and the analysis of the presence of a secondary outlet on the permeability of a porous disk and porous tube are presented and discussed.

Au cours de la dernière décennie, il a été reconnu que le facteur de séparation pour les paires de gaz varie inversement avec la perméabilité du gaz plus perméable de la paire spécifique. En effet, une analyse des données de la littérature pour les mélanges de gaz binaires de la liste de He, H2, O2, N2, CH4 et CO2 révèle cette relation pour ces mélanges [114] [115].

Ainsi, la détermination de la perméabilité et l'étude du facteur qui l'affecte sont d'une importance primordiale avant la perméance et l'étude de la sélectivité.

La 

II.2 Permeability determination of disk sample by ISO tests

In the literature, the Darcian's and Forchheimer's permeabilities, for inert and reactive with molten carbonate dual-phase membranes and its performances were found to be stable for more than 200 h of operation [START_REF] Papaioannou | Uphill permeation of carbon dioxide across a composite molten salt-ceramic membrane[END_REF]. Therefore in the first study disk sample are considered and different permeabilities are determined for two different classes of porous stainless steel disk materials (SS3 and SS20).

Disk study is further divided into two part. In the first part permeabilities are determined with one inlet and one outlet configuration (i.e. 0% open 18 ). The obtained results will also validate the test setup and methodology.

In the second part of the disk study secondary outlet or outlet-2 is introduced. Two different opening values of a secondary outlet are considered 50% and 100% and its effect on permeabilities and method of determination are studied. In both the studies the bench used is the same the only change made is in the permeation cell which will be detailed in the respective part.

II.2.1 Permeation test bench using porous disk

The bench used here is composed of a cylindrical permeation cell connected to gas injection system (cf. Fig. 24). Porous material samples (Disk shaped) are placed in this permeation cell which is composed of two main parts (High Pressure Chamber: HPC for the inlet and Low Pressure Chamber: LPC for the outlet) in order to maintain the porous media in the fluid flow and separated by an assembly made up of lock nut, porous media and a seal to 18 One inlet and one outlet configuration is also called '0% open' because the secondary outlet is fully closed.

avoid leakage. Despite its small size (external diameter of 40 mm), one inlet and one outlet enable to measure the pressure and mass flow rate on each side of the porous sample.

The injection system is capable of handling liquid as well as gaseous fuels with a high pressure pump (80 bar). In this study, Nitrogen gas is used as fluid. Four sensors to monitor transient variations of mass flow rate, pressure and temperature are connected to a data acquisition system (about 1 Hz, 16 bits, 48 channels). Pressure range of a sensor at inlet side is 0 to 60 bar whereas ∆P can be measured in a range of 0 to 635 mbar.

Permeability measurements are performed on two different classes of stainless steel that are SS3 and SS20 (cf. Fig. 25). Specifications of both used porous materials are given in Table

7 [START_REF] Gascoin | High temperature and pressure reactive flows through porous media[END_REF]. Except one consideration that the outlet of the permeation cell should be at atmospheric pressure during the experiments, the norm ISO 4022 19 for the determination of fluid permeability is followed. All tests are performed at room temperature and repeated at least three times in order to confirm the repeatability. 19 The details can be obtained in the section I.3.3.1. Before proceeding, some preliminary experiments are performed on SS3 in order to verify that the placement of mass flowmeter at primary outlet instead of inlet, as per ISO 4022 norm, does not affect the permeabilities estimation.

Results of Darcian's permeability in the two cases (i.e. mass flowmeter at primary outlet and mass flowmeter at inlet) show clearly that the relative gap does not exceed 8% whereas those of Forchheimer's permeability is inferior to 13% (see Fig. 26) (these values are in the range of previously estimated accuracy, [START_REF] Gascoin | High temperature and pressure reactive flows through porous media[END_REF]). These relative gap values confirm that the placement of mass flowmeter at the primary outlet does not affect the determination of permeabilities. When Brinkman's equation is considered (turbulent flow), the Darcy's term for carbon cooled porous structure is found to range from 10 -13 to 10 -12 m 2 and the Forchheimer's coefficient ranges from 10 -8 to 10 -7 m (Langener et al. 2008) [START_REF] Langener | Experimental investigation of transpiration cooling with subsonic and supersonic flows at moderate temperature levels[END_REF]. 

II.2.2 Permeation test with one inlet and one outlet configuration

The Darcian's and Forchheimer's permeabilities are determined with the plots of the term The determined value of permeability for porous stainless steel media grade 3 (SS3) and 20 (SS20) is compared with literature data [START_REF] Gascoin | High temperature and pressure reactive flows through porous media[END_REF] and found to be in a good agreement. This confirms the reliability of the results obtained using the permeability bench. ] contribution as well as their ratio is plotted as functions of pore Reynolds number for SS3 and SS20 (Fig. 28). The pore Reynolds number 20 has been computed for metallic samples by using the relation:

Re / p Vd     (2.1)     4 / 1 pg da   (2.2)
where dp is the pore diameter,  is the porosity of material, (a) 20 It is defined in the section I. 

II.2.3 Permeation test with one inlet and two outlet configuration

The aim of this study is to improve the previously used experimental setup in order to determine accurate Darcian's and Forchheimer's flow behavior inside a porous media in a more realistic configuration. The effect of a second outlet on the Darcian's and Forchheimer's permeabilities is investigated.

Therefore, a secondary outlet or outlet-2 is introduced (see Fig. 29). Flow from the secondary outlet is controlled by a manually operated valve where the two opening percentage values (50% and 100%) are selected. The Darcy and Forchheimer permeabilities for different openings of the secondary outlet are determined using the plots given below (see Fig. 32). The obtained values of Darcian's and Forchheimer's permeabilities are given in Table 8 for different openings of secondary outlet. open cases. Similarly in case of SS20 porous media, relative gaps of 5.4% and 10.8% are respectively obtained for 50% and 100% openings of the secondary outlet. However, when it comes to determination of KF, the opening of secondary outlet seems to have an effect. Indeed, relative changes of 11% and 71% are found in the case of SS3 whereas values of 34% and 237% are obtained for SS20 for 50% and 100% open cases respectively. KF is varying a lot for the 100% cases, it is because of the fact that the flow through the porous media is very low which results in a decrease in the pressure drop (ΔP) which is linearly proportional to the square of velocity at higher flow rates (Non Darcian Flow). Since KF coefficient is associated to the turbulent flow inside the porous media [START_REF] Firoozabadi | An analysis of high-velocity gas flow through porous media[END_REF] [77] [START_REF] Lemos | Turbulent Impinging Jets into Porous Materials[END_REF], hence the velocity of fluid in the material is too low and the flow is not or less turbulent and it makes its determination less accurate. This is why the value of KF is quite far from the "real" one.

Similar to the one inlet and outlet study of the evolutions Darcian's and Forchheimer's contributions as well as their ratio is plotted as functions of pore Reynolds number (Fig. 33).

The pore Reynold's no for different opening of secondary outlet is determined using relation 2.1 and 2.2.

It is observed from the set of plotted data that in case of SS3 porous media, Darcian's term is always higher than the Forchheimer's term for all the three different openings of the secondary outlet (0%, 50% and 100%) showing that the flow is always in a laminar regime.

There is no influence of secondary outlet opening on Darcian's term and its contribution remains constant for all the three cases but Forchheimer's contribution decreases as the secondary outlet opening increases. The similar trend is observed in case of SS20 except that in the cases of 0% and 50% openings of the secondary outlet where the Forchheimer's contribution overcomes the Darcian's contribution as the pore Reynolds number exceeds a critical value of 

II.3 Experiments with porous composite tube

In the porous disk study the secondary outlet opening does not affect the Darcy's permeability. It may be due to the experimental configuration which is far from the one used in the real application such as aerospace and fuel cell.

In a real engine, a perpendicular flow to the main one occurs in the cooling tube (cf. Fig. 16) and the through flow (secondary outlet) is only a small percentage of the fluid that flows into the pipe from the inlet to the main outlet. Hence, it makes necessary to study Darcian's and Forchheimer's permeabilities in tube configuration by considering the second outlet.

Therefore in this study, a 1m long porous composite tube is used. The tube is an illustration of the cooling channel typically used in the engine of aerospace application. Hence the use of this porous composite tube for the permeability experiments will give out more realistic

SS3 S.O Opening ↑ P inlet ↓ ΔP Constant ρ↓ V↑ K D Constant K F ↑ S.O Opening ↓ P inlet ↑ ΔP Constant ρ↑ V↓ K D Constant K F ↓ SS20 S.O Opening ↑ P inlet ↓ ΔP ↓ ρ↓ V Constant K D Constant K F ↑ S.O Opening ↓ P inlet ↑ ΔP ↑ ρ↑ V Constant K D Constant K F ↓
results. The tube is composed of a series of channels of rectangular shape or pin fins channels (Fig. 35). Several manufacturing processes are used for the transformation of the preforms to composite complete structures (C/C or C/SiC, CVI, LPI, LSI routes, . . .). The porous tube has two outlets and one inlet. The first outlet is through the porous media and the second outlet is opposite to the inlet or at the end of the channel.

Figure 35: Pin fin configuration of cooling channel [START_REF] Bouchez | Ptah-socar fuel-cooled composite materials structure[END_REF].

The aim of this study is to determine Darcian's and Forchheimer's permeabilities of a permeable medium (tube) in a realistic configuration. Similarly, in this study also a valve is attached to the secondary outlet and the effect of three different opening on permeability's is studied.

This study focuses on a new way of using an existing test bench for the determination of The next section is dedicated to the description of the experimental setup where different "Primary over Secondary flowrates" ratios (noticed PO/SO ratios) and three values of openings of the second outlet are studied. Two analytical methods (P 2 and ISO) for the determination of Darcian's and Forchheimer's permeabilities are used. The idea behind using P 2 as an additional method is to confirm that the disagreement observed during simulation 21 is not due to the method of determination. As already explained P 2 method (in section I.3.3.1) is mostly used in CFD codes.

In addition, an analytical study has been performed by applying a soap solution along the length of the porous channel. The formation of soap bubbles is studied for different inlet mass flow rates and pressures to get an idea about permeation profile along the length of the tube.

II.3.1 Permeation test bench for a tube

The bench used here is composed of a porous tube connected to a gas injection system.

The porous tube is made up of C/SiC composite having a square cross section area of 1 cm 2 and a length of 1 m. This tube has one inlet and two outlets (the main outlet "outlet-1" is noticed as the Secondary Outlet -S.O-and the one through the permeable medium "outlet-2" is called Primary Outlet -S.O-, as seen on Fig. 36).

The pressure and the mass flow rate are measured on each end of the porous tube. The inlet is located at the left and the outlet-2 is all along the tube although outlet-1 is at extreme right. The injection system is capable of handling liquid as well as gaseous fuels with a high pressure pump (80 bar, 0.5 g.s -1 ). In this study, nitrogen gas is used as fluid. Flow from the secondary outlet is controlled by manually operated valves where three opening percentage values (0%, 50% and 100%) are selected. Hence, this imposes different PO/SO ratios depending on the pressure conditions. Fig. 36 and 37 illustrate respectively a photograph of the developed permeation experimental setup and a schematic overview of the porous composite tube. ISO 4022 and P 2 methods for the determination of fluid permeabilities 21 Disagreement found regarding the estimation of through flow using experimental permeability value as explained in section II.1.

are followed for all the tests which are performed at room temperature and repeated at least three times. 

II.3.2 Mathematical and post processing methods

Determination of Permeabilities are carried out by two different mathematical approaches (ISO and P 2 ) (Section I.3.3.1) using direct search algorithm.

Using both the models (ISO and P2), the determination procedure considered here can be stated as the following bound constrained minimization problem: 

      exp exp minimize subject to with l u th J J             (2.

II.3.3 Spatial permeation and permeability determination of porous composite tube (C/Sic)

As mentioned earlier, the Darcian's and Forchheimer's permeabilities of porous composite tube are determined by two different approaches (ISO method and P 2 method) and the influence of different secondary outlet openings is investigated. To achieve this determination, ISO method considers the evolution of the term The curves are typical and very different because in case of turbulent flow the ISO method gives a linear trend while for P² method, a quadratic one is observed. However in case of a purely laminar flow (Darcian regime), the ISO method gives a horizontal line and a linear trend is observed for the P² method. In Fig. 38 (a), it can be easily seen that for maintaining the same mass flow rate through the porous media the required inlet pressure increases slightly as the S.O opening increases. It is obviously because of the fact that as the S.O opens it creates a new pressure drop along the tube leading to a diminution in the driving force. To overcome this, the pressure at inlet side should be increased. However, in order to have the same pressure drop across the tube for all the three cases (0%, 50% and 100%) the inlet fluid velocity required is to be slightly lower in the later case than the former which can be clearly observed in Fig. 38 (b). It is also noted that as the pressure drop over material thickness ratio reaches the value of This stagnation regime due to turbulent flow (slight velocity increase for major pressure drop increase) can be illustrated by the permeation images given as example in Fig. 39 for a fully closed S.O case. Initially at atmospheric pressure, there is no permeation as there is no driving force. Then having vaporised water and soap on the outer surface of the tube, when the inlet pressure increases, the soap bubble formation on the tube surfaces increases along the length of the porous tube. Bubbles appear near the inlet first and as the inlet pressure increases, bubbles are found further along the tube. In addition, once inlet pressure reaches the value of 3 bar, the permeation occurs from all the four faces of the tube and becomes more uniform as it reaches a value of 4 bar.

A semi-quantitative post-treatment of the images of the bubbles formation is proposed in Fig. 40 where the locally estimated P.O flowrate is divided by the entire S.O flowrate. Hence, the permeation distribution is given in percentage of locally permeating flow in order to express how the through flow is distributed over the entire tube length. It is seen that the central part presents a deficit in permeation which is due to the production process of the tube itself which required some structural parts (around 0.15 m, 0.30 m to 0.60 m and around 0.75 m). These structural additional parts are in the same material but the higher local thickness impacts the permeation locally. For pressure of about 4 bar, the permeation tends to be uniform while a major part of the through flow is found upstream for lower inlet pressure. As described in the earlier section, a direct search algorithm is used to minimize quadratic errors between experimental data and the functions of Eq. (1.36) and Eq. (1.37). ISO method (related to Eq. 1.36) and P 2 method (related to Eq. 1.37) are used to determine the Darcian's and Forchheimer's permeabilities for different S.O openings (0%, 50% and 100%) which are given in Table 9. A comparison between the two methods (ISO and P 2 ) shows that Darcian's permeabilities determined by P 2 method for three different S.O openings (0%, 50% and 100%) are slightly higher than Darcian's permeabilities determined by the ISO method. The Forchheimer's permeabilities are very close to each other for both the methods in all three S.O openings. Determination of KD by ISO method leads to discrepancies of 2.2% and 17.2% for respectively 50% and 100% open cases. However, for KF coefficients, relative gaps of 10.8% and 6.9% are found respectively for 50% and 100% S.O opening. On the other hand, KD determination by P 2 method leads to relative errors of 13% and 31% for respectively 50% and 100% open cases whereas relative changes of 7% and 10.9% are observed for KF terms. The permeability values obtained in this study are in agreement with those of literature for this kind of composite material (C/SiC). Indeed, Gascoin et al. (2013) [START_REF] Gascoin | Comparison of two permeation test benches and of two determination methods for Darcy's and Forchheimer's permeabilities[END_REF] estimated Forchheimer's permeabilities between 10 -10 and 10 -14 m.

Even if measuring these permeability levels accurately is not so easy, a small increase in the Darcy's permeability can be seen while the tangential flow increases. It may depend on the way of computing the density (here taken at entry conditions, the pressure drop can increase between the different SO levels, changing the local density to be theoretically taken into account). To have a deeper insight of S.O influence on Darcian's and Forchheimer's term contributions on pressure losses, Fig. 41 presents the evolutions of these contribution as well as their ratio as functions of pore Reynolds number. The pore Reynolds number is computed using Eq. 2.1 and 2.2. Let us notice that the grain diameter 

II.4 Conclusion

In this work, a porous material is used for the filtration need. Determining physical properties like porosity and permeability are of utmost importance to predict and manage filtration efficiency of the materials. An experimental test bench was designed to determine both Darcian's and Forchheimer's permeabilities. Nevertheless, it was found later that using the experimental values of these permeabilities on complete integrated fuel reforming systems led to discrepancies of several orders of magnitude. One of the hypotheses that has been posed is that the geometrical configuration may impact the results. In other words, having one flow inlet and one flow outlet or one inlet and two outlets (as it was discussed in this study) may lead to different apparent permeabilities.

Effect of secondary the outlet on permeability determination has thus been investigated. It is found that there isn't much change observed in KD value when the mass flowmeter is placed at outlet-2 instead of the inlet. When Darcian's permeability is determined for SS3 and SS20

with different openings for secondary outlet, negligible changes are observed, hence they show that this term is not affected by the change in flow configuration in case of stainless steel material. Nevertheless, the secondary outlet opening has significant effect on the determination of KF value for both kinds of porous material. Indeed, its criterion of determination is highly governed by turbulent flow regime. This flow regime is found in just two cases out of six cases and that is only when the pore Reynolds number exceeds its critical value.

In the next configuration, Darcian's and Forchheimer's permeabilities are studied in a tube configuration. The tube is made up of carbon composite (C/Sic) which is usually used in aerospace application. In many applications from aerospace to fuel cell, the permeability of materials is a key parameter that is generally determined experimentally. Lab test conditions

(1 inlet/1outlet) are not always exactly those of realistic conditions of use of these materials (1 inlet/2outlets). Consequently, the present work intended to investigate how realistic configuration plays a role on Darcian and Forchheimer permeabilities determination.

Additionally, two different procedures (ISO method and P 2 method) of permeability determination were compared. A C/SiC composite tube is used as a porous medium in the second study It is found that the determination procedures (ISO method and P 2 method) gives almost same the results when the secondary outlet is fully closed for both Darcian's and Forchheimer's permeabilities. 

III.1 Introduction

It is found from the results obtained in the previous chapter that the permeation (porous flow) is not constant along the length of the porous tube. As already mentioned earlier, the permeance and selectivity (two parameters for evaluating gas separation performance), depend upon permeation and permeability of the material. Therefore, it is important to analyse the permeation process along the length of the tube.

In order to achieve that, a new automated permselectivity test bench is designed and developed. It is one of the innovative kind of the bench to be used in permeance and selectivity study. It allows the user to measure the mass flow rate, temperature, pressure and composition of outlet flow along the length of the porous tube. This has been possible only due to the specifically designed permeation cells which are surrounding the porous tube along its length.

The test bench is made up of different types of devices. All the devices can be classified into three groups. First is the measuring device, second is the control and monitoring device and the third is group consists of miscellaneous devices. All the devices are selected after doing a literature and market research. In addition two applications "Reactor Control" and "Fluid Flow Control" are developed using LabVIEW. These applications assist the user in controlling and storing the data acquired by various sensors of the permselectivity test bench. Analytical method is developed to determine the correct mass flow rate from each permeation cell. 

III.2 New Permselectivity test bench

The developed test bench will be used to study permeability, selectivity and continuous filtration process (observed in industrial application such as fuel cell). Therefore it has been important to include the key points of all these kind of experimental studies into the permselectivity test bench. The developed test bench can be used to study the permeability, fluid flow and selectivity at the same time which makes it very unique.

To achieve that detailed literature study has been performed in which different types of existing experimental benches in the area of permeability [START_REF] Gascoin | Comparison of two permeation test benches and of two determination methods for Darcy's and Forchheimer's permeabilities[END_REF] [180] [START_REF] Najmi | Flow Configuration Influence on Darcian and Forchheimer Permeabilities Determination[END_REF] [93], gas separation or selectivity and filtration [START_REF] Barreiro | Hydrogen permeation through a Pd-based membrane and RWGS conversion in H2/CO2, H2/N2/CO2 and H2/H2O/CO2 mixtures[END_REF] [87] [194] [195] [83] [82] [START_REF] Pizzi | Hydrogen permeability of 2.5 μm palladium-silver membranes deposited on ceramic supports[END_REF] [117] [197] [198] have been studied. It is found that the experimental configuration consists of the porous tube used in many studies to determine selectivity and permeance of different gases but the inlet and permeate flow occurs in the radial direction (Fig. 42 a). Whereas, in the industrial application the permeate flow occurs in a radial direction (perpendicular to the main flow) whereas main flow take place in the axial direction (cf. Fig. 42b). In case (a) there is no change in any fluid properties when fluid flows (main flow) from inlet to outlet and even the boundary layer remain absent. Whereas in case (b) as the fluid flows towards the outlet-1, the density, viscosity and temperature vary along the length of the channel due to a decrease in the pressure along the length. The development of boundary layer can also be seen. This may have a significant effect on the permeance and on the selectivity of gases and should be investigated. The aim of the permselectivity test bench (Fig. 43) is to determine the axial distribution of permeance and of selectivity of a porous cylindrical tube for different binary gas mixtures. In order to achieve this aim there are two intermediate objectives .First objective is to study the fluid flow inside the porous channel and factors governing it. Second objective is to study the pure gas permeance and ideal selectivity distribution along the length of the porous channel and factors affecting it.

The developed test bench (Fig. 44) is composed of a porous tube made up of stainless steel (316L SS). The porous tube has one inlet and two outlets (one primary outlet which is divided into 8 cells and one secondary outlet which is at the end of the tube). When the fluid enters the tube from one end (inlet), some amount of fluid continues into the channel and goes out through the main outlet (secondary outlet) and the rest can filtrate through porous media and go into the respective permeation cell along the length. All the 8 cells are isolated from each other.

Each cell has two outlets (holes) the first one for the thermocouple and the second for pressure measurement and gas sampling.

In this study, Nitrogen Carbon dioxide, helium and methane are used as fluid, supplied by Air Liquide with purity of 99.99% 22 . The real time monitoring of all the input parameters (mass flow rate, pressure and temperature) and their control during the experiments is facilitated by the LabVIEW program that has been developed. Three Coriolis mass flow meters are used to monitor the outflow. In addition, two mass flow controllers, are placed at the inlet in order to measure the mass flow rate of the fluid entering into the porous tube. Moreover, pressure transducers and thermocouples are connected to a NI data acquisition system to measure the transient variation of parameters at inlet and outlets. In order to measure the volumetric composition of the gases coming out on each cell line, a portable gas analyser is placed at the primary outlet after the mass flow meters. 

III.2.1 Reactor

The reactor is the heart of the permselectivity test bench. The assembly of the permeation cell and the porous tube is called a reactor. It is the most important part of the permselectivity test bench. The permeation cells are designed first using 3D modelling tool Catia. Different types of cell are designed and its feasibility is checked as per the test requirements and later the optimum is selected and fabricated.

III.2.1.1 Porous tube

At the beginning different type of porous materials such as stainless steel, bronze, copper and carbon composite were considered out of which porous stainless steel is selected. There are a number of reasons behind the selection of a porous stainless steel as a tube material. The first is the availability of the experimental data, methods and procedure from the previous works [START_REF] Fau | Fuel pyrolysis through porous media: Coke formation and coupled effect on permeability[END_REF] [180] [137] [START_REF] Najmi | Flow Configuration Influence on Darcian and Forchheimer Permeabilities Determination[END_REF], this will serve as a platform for the future work concerning permeance and selectivity. The porous stainless steel consist of a homogenous pore structure compared to a carbon composite. It means that the permeability remains constant along the surface which is one of the important characteristics required in such kinds of studies. This will help in understanding the fluid flow inside the porous tube with an ease. It is also and slightly more porous than the porous composite used in the previous study 23 . 23 Study concerning the porous composite tube see section II.3

In addition, a lot of permeability and selectivity studies are performed using porous stainless steel this will help in validating the result obtained using the permselectivity bench and develop global laws which will be useful in many areas of application. Porous stainless is used in in various field of engineering such as biomedical [199] [200], nuclear reactors [START_REF] Raiman | Accelerated corrosion and oxide dissolution in 316L stainless steel irradiated in situ in high temperature water[END_REF] [202], gas separation [START_REF] Papaioannou | Uphill permeation of carbon dioxide across a composite molten salt-ceramic membrane[END_REF] [82] and many more.

All these characteristics make porous stainless steel an ideal material to begin with. The porous stainless steel (316L SS) tube used here is supplied by Mottcorp USA, the physical and geometrical properties of which, are given in Table 10. 

III.2.1.2 Permeation cell

The permeation cell is a hollow tube. Its primary aim is to isolate the porous tube and secondary aim is to divide the porous tube in equal parts in such a way that all the parts are isolated from each other. The isolation of one cell from another facilitates the study of the gas separation as a function of the length of the porous channel. Several designs have been proposed for the permeation cell which is designed using 3D mechanical modeling software Catia V5R20. After checking the feasibility of different designed model optimum design has been selected and fabricated.

III.2.1.2.1 3D modelling

The porous tube is modeled in Catia (Fig. 45) before commencing the permeation cell design. The 3D model of the porous tube is the exact illustration of the porous tube used in the experimental study. The porous tube is fitted with a 1/4" NPT connection at the inlet as well as the secondary outlet. The first 3D model of permeation cell is designed by keeping the primary aim in mind (Fig. 46). This is the simplest and the basic model of the permeation cell. It is composed of two parts: the hollow tube and the tube cap. The opening cap enables us to place the porous tube inside the permeation cell and secures it firmly by screwing the threads provided in the opening cap with the NPT connections installed at inlets and the outlet-2 (S.O) of the porous tube.

There is only one cap which is present at the inlet side, whereas at the secondary outlet there is a threaded hole in the body of the hollow tube to secure the position of the porous tube at the centre of the permeation cell (See Fig. 46).

Seven holes are placed circumferentially along the length of the hollow tube for sampling of the gas. The only drawback with this design is that it doesn't isolate the tube axially. Opening cap.

To overcome the above drawback the concept of multiple permeation cells comes into picture. So instead of a single permeation cell several permeation cells of equal length are connected in a series in order to isolate the porous tube axially as well as radially (See Fig. 47).

The total length of the combined assembly is equal to the length of the porous tube. The permeation cells divide the porous tube in small segments of equal length. The devices used are mass flow controllers, pneumatic valve, pressure regulator, 3-way valve, back pressure regulator, oven and a data acquisition system. Miscellaneous devices do not control and measure anything they facilitate the operation of the test bench as per the user demand. Tube connections (such as I, T, male and female), tube, vacuum pump and many more are the part of miscellaneous device of the permselectivity test bench. The details of all the components are given in the coming subsections. The second Controller is a Coriolis type flow controller manufactured by the same company (Type F-002AI-IIU-22-Z). The operating range of this controller is 0.06 to 3 g.s -1 .

III.2.2.1 Mass flow controller and Mass flow meter

This controller is capable of handling in any type of fluid even a mixture with precision of 0.1 g.s -1 .

There are three Coriolis mass flow meters also manufactured by Bronkhorst High-Tech BV (Type M15-RAD-22-0-S), two of which are placed at the primary outlet and one is placed at secondary outlet permanently. Similar to the controller, these mass flow meters can measure the flow rate of any fluid or mixture of fluid in a range of 0.06 to 3 g.s -1 but cannot control.

The downstream pressure at the time of use is 1 to 15 bar and the upstream pressure is 1 to 20 bar for the feed in case of controllers whereas for mass flow meters the downstream pressure for the safe operation of device is 1 to 20 bar. In addition to controlling and measuring the mass flow rates of fluids, these instruments are also capable of measuring downstream temperatures and density (only in case of Coriolis flow meter and controller). Their control characteristics can be configured by the user. The maximum operating temperature is up to 20 °C.

These controllers and mass flow meters are connected to a computer using a RS232 type connecting cable. They are compatible with the LabVIEW software, developed by National Instrument, which allowed, them to control and store the measured data using the application "Fluid Flow Control" during the experiments. All the mass flow meters and controllers are fitted with 1/4" Swagelok connection at both the ends (inlet and outlet) to facilitate the various tube connections.

III.2.2.2 Pressure Transducer

The experimental device is equipped with twelve Baumer electronic pressure transducer (type CTX255B275, ± 0.5% uncertainty) of the measuring range of 0 to 40 bar, two of which are placed at the inlet before the mass flow controllers in order to measure the pressure of respective gas.

One is placed at the inlet of the reactor to measure the pressure of the inlet mixture. Eight pressure transducers are placed in eight respective cells to measure the pressure inside the cells when the three-way valve is closed and pressure of the fluid flow when the valve is open (Fig. 50). The remaining one is placed at the secondary outlet.

All the thermocouples are manufactured by Omega. The positive wire of the thermocouple consists of a nickel-chromium alloy called CHROMEGA while the negative wire consists of an alloy of nickel and aluminium called ALOMEGA. The thermocouple is embedded in a stainless steel sheath material.

All the thermocouples are connected to the tube and reactor by a Swagelok or Gyrolok 1/8" connection. The thermocouples are placed directly into the reactor by 1/8" NPT connection whereas at the inlet and outlet, they are placed in a 1/8" T-connection. The uncertainty of the thermocouple measurement is according to the supplier of ± 0.75% for the type K.

The thermocouples used in this study were all connected to a model PXIe-4353 thermocouple acquisition board, which then recorded the measured temperatures using the "Reactor Control" application.

Figure 51: Positions of the thermocouples in the permeation cells.

III.2.2.5 Gas analyser

The portable gas analyser BIOGAS 5000 manufactured by Geotech is used to determine the composition of the gas at the two outlets and the inlet of the reactor. It works on infrared bench technology (Dual beam infrared absorption). It can reliably measures the composition of gases in volumetric percentage. The measuring level for different gases is as follows CH4

(0-100%), CO2 (0-100%) and O2 (0-25%) with an accuracy of ±0.5% for CH4 and CO2.

This device is equipped with an internal pump in order to measure the volumetric flow rate entering into the analyser. The pressure transducer inside the analyser constantly monitors the relative pressure between the inlet and outlet (analyser inlet and outlet) with respect to atmospheric pressure. The relative pressure range is ±500 mbar. The inlet pressure should not exceed ±500 mbar relative to atmospheric pressure and the output pressure should not exceed ±100 mbar relative to atmospheric pressure. If the pressure exceeds the threshold value the analyser stops the measurements.

There are three ports, one for gas inlet, second for differential pressure measurement and third for gas outlet. The flexible tube fitted with water trap filter is used to connect the gas analyser and the test bench outlets. The flexible tube is connected to the gas analyser inlet with the help of gas port connectors and to the bench by Swagelok 1/4" connection.

The analyser is battery powered which make it very handy to use and hence can be move along the bench to measure the composition at any desired outlet. The analyser can record and display the measured data in the real time. All the stored data can be retrieved by connecting analyser to PC with an USB cable. The analyser is equipped with start logging feature. It enables the operator to leave the analyser unattended to take samples at a predetermined time.

The reading interval and pump run times may be edited prior to commencing the logging cycle.

III.2.2.6 Vacuum pump

The bench is also equipped with vacuum pump (Series LABOPORT® N 86 KN. The primary aim of the vacuum pump is to remove the residual gas left inside the reactor and the porous tube after the completion of the test. The inlet connection is removed first after that all the primary outlets are closed and vacuum pump is placed at the secondary outlet replacing the mass flow meter. After that, the pump is started and the whole system is vacuumed. The inlet connection is removed and the primary outlets are closed in order to save all the sensors from getting damaged.

III.2.2.7 Data acquisition system

The control and monitoring of various test activities executed during the experimental study as well as the data acquisition have been carried out using the device supplied by National Instrument. Applications are created using software developed by the same company (i.e. The NI PXIe-1073 chassis is a "controller" that connects the motherboard of the computer used to control the bench with modules, called "acquisition boards," which serves as a communication interface between the computer and the control measurement instruments.

The NI PXI-6229 acquisition card is a multifunction data acquisition module. It is equipped with:

• 32 analog inputs of 16-bit (250k samples / sec), with a maximum voltage range of -10 to +

10V and with a minimum voltage range of -200 to +200mV.

• 4 analog outputs of 16-bit (833 k samples / s), with a maximum voltage range of -10 to +10 V.

• 48 digital inputs / outputs, with a maximum clock frequency of 1 MHz and a maximum voltage range 0 to 5 V.

This module allows, in association with a printed circuit, the control of the solenoid valves and the activation as well as the acquisition of the data produced by the pressure transmitters.

The NI PXIe-4353 acquisition board, used in this study to acquire data from the thermocouples, is characterized by 32 input channels. Depending on the type of thermocouple specified, it is able to convert the acquired signals into temperature measurements without any need of calibration.

The communication between the computer and this control unit is carried out by IEEE 1284 parallel port.

III.2.2.8 Additional components of the bench

All the tubes used in the experimental bench are made of Swagelok brand 316L stainless steel. It is the same for the fittings (connectors and reducers type T, Union, Elbow, Cross). The tubes used are either tubes of 1/8 " outer diameter and 0.035" thickness (type SS-T2-S-035) or tubes of 1/4 "outer diameter and 0.035" thickness (SS type -T4-S-035).

There are two different types of pressure regulators used before the pneumatic valve to govern the feed pressure of the fluid to the respective mass flow controllers. The first is Swagelok (Type KCP1JRC2A2P20000) having the maximum inlet and outlet pressure of 248 and 34.4 bar respectively. The second is Tescom 44-5200 Series having the maximum inlet and outlet pressure, respectively, of 241 and 35 bar.

The 1/8" stainless steel tube is moulded in a spiral shape and then placed in the ice bucket to serve as a cooling channel in case of a high temperature study. The whole assembly is placed at the outlets before the mass flow meter in order to bring the fluid in the operational temperature range of the mass flowmeters.

A three way valve (Hoke) supplied by LAA with 1/8" end connections is attached in one of the outlet (hole) of each permeation cell in order to control the opening and closing for the sampling of gas (Fig. 50). Pressure is monitored in all the cases whether the valve is closed or open. When the valve is closed, pressure inside the cell is measured and when it is open, the pressure of the outlet flow is determined.

The TESCOM™ 44-1700 Series Compact Back pressure regulator is installed at the secondary outlet to regulate the pressure inside the porous tube and to investigate several test configurations by forcing the flow inside the primary outlet. The maximum inlet pressure is 48 bar and it is connected to the bench with 1/4" NPT Female.

In addition, the bench in also equipped with a Carbolite oven (Type STF 16/450) with the maximum heating temperature of 1600 °C (Fig. 53). The maximum heating length is 450 mm.

The furnace comes with a stand which allows it to be used in horizontal as well as vertical configurations. The controller is attached with a long insulating cable with the oven which allow it to use from a distance. The oven uses silicon carbide as a heating element, arranged symmetrically around a separate ceramic work tube to ensure thermal uniformity. 

III.2.3 Fluid selection

The end objective of this work is to study the separation of light species such as H2 from the other species present in the pyrloysed fuel. For safety reason it is not suitable to start with H2, CH4 and C2H2. Therefore, the alternative choices on the basis of literature study of N2 and CO2 are made in place of heavier molecule present in the pyrolysed fuel and Helium in place of Hydrogen.

It is found that there are a lot of unwanted species also present in the Methane such as higher alkanes, Carbon dioxide, Nitrogen and many more in small percentage [START_REF] Zhao | Promising monolayer membranes for CO2/N2/CH4 separation: Graphdiynes modified respectively with hydrogen, fluorine, and oxygen atoms[END_REF]. Therefore it is necessary to identify the species which have a high impact in the area of fuel cell application as well as globally. This will give the broader picture to the current research and it will not be confined to a specific area. There are four gases (Nitrogen, Carbon dioxide, Methane, and Helium) that have been studied using the permselectivity bench and the different motivations of this choice are detailed in the following subsections. The value of different physical properties (such as density and viscosity) for these four gases are given in annexure A.3.

Nitrogen

Nitrogen is identified as a first fluid because lot of permeability and selectivity studies have already been performed using Nitrogen [157] [161] [203]. This will help in comparing the obtained results and hence will validate the experimental bench so that the other fluids can be tested. In the previous study (section II.2 and II.3) also Nitrogen was used as a fluid. In addition, it is found that the Natural gas also consists some amount of Nitrogen and its presence with Carbon dioxide can reduces the energy content of Hydrogen which thereby (i) shortens the lifetime of a Fuel Cell, (ii) decreases the efficiency and also (iii) causes corrosion of pipelines [203] [204]. From the safety point of view also the Nitrogen is very safe in case of accumulation and fire. Moreover, it is readily available. Due to all these reasons, Nitrogen is chosen as a primary fluid to start with.

Carbon Dioxide

Hydrogen is produced by various industrial methods using different types of fossil fuel (see section I.2.2). In most of the hydrogen production methods CO2 is also formed as a byproduct (see section I.2.2). If Hydrogen is fed to a fuel cell with some content of CO2, it can result in electrode poisoning. This is mainly observed in a fuel cell which operates at low temperatures such as PEM or a fuel cell that uses platinum based electrodes [205] [206]. The poisoning of an electrode can affect the functioning and efficiency of the fuel cell.

The concentration of CO2 is increased by more than a third since the Industrial Revolution began which is a big concern [START_REF]NASA GLOBAL CLIMATE CHANGE Vitals Signs of the Planet[END_REF]. CO2 is a minor but very important component of the atmosphere. This is the most important long-lived "forcing" of climate change and the prime contributor for the global warming [START_REF] Álvarez | Study of a modern industrial low pressure turbine for electricity production employed in oxy-combustion cycles with CO2 capture purposes[END_REF] [209] [START_REF] Epa | Inventory of U.S. Greenhouse gas emissions and sinks[END_REF]. CO2 produced from industry sources are mixed with other gases and hence in order to capture it separation is required. This makes CO2

a second fluid to be studied using the permselectivity bench.

Methane

It is also one of the important constituents of the pyrolyzed fuel [START_REF] Taddeo | Experimental study of pyrolysis-combustion coupling in a regeneratively cooled combustor: System dynamics analysis[END_REF]. The removal of CH4 could enrich the fuel with low ignition delay species resulting in a more efficient combustion [START_REF] Najmi | Effect of flow configuration on Darcian and Forchheimer permeabilities determination in a porous composite tube[END_REF]. In addition methane (CH4) is the primary source of Hydrogen production (see section

I.2.
2) but it is also widely used as a fuel because it is cleaner and more efficient compared to the other fossil fuels [START_REF] Xiao | The strategies of molecular architecture and modification of polyimide-based membranes for CO2 removal from natural gas-A review[END_REF]. It is the primary constituent of the natural gas [START_REF] Xiao | The strategies of molecular architecture and modification of polyimide-based membranes for CO2 removal from natural gas-A review[END_REF] and second most contributor to the greenhouse gas after CO2 [212].

The continuous annual costs for industrial purification of natural gas and the supply of new purification equipment exceeds five billion dollars [213]. Separation of CO2 from CH4 is widely used in different industrial processes such as biogas purification, natural gas sweetening, flu gas purification, land fill gas and enhanced oil recovery [214] [215]. Hence, the recovery and utilization of CH4 and CO2 becomes crucial [START_REF] Liu | Different CO2 absorbents-modified SBA-15 sorbent for highly selective CO2 capture[END_REF].

Helium

Using Hydrogen in 1m long reactor causes lot of potential risk. Therefore Hydrogen is substituted by Helium. The same phenomena is observed in a few studies where Helium is used instead of Hydrogen due to safety concern [START_REF] Arratibel | N2, He and CO2 diffusion mechanism through nanoporous YSZ/γ-Al2O3 layers and their use in a pore-filled membrane for hydrogen membrane reactors[END_REF] because it is an inert gas and hence safe to use in laboratory. The kinetic diameter of both the gases are also very similar. Therefore Helium can be used in experiments in place of Hydrogen [START_REF] Mehio | Quantum Mechanical Basis for Kinetic Diameters of Small Gaseous Molecules[END_REF].

III.2.4 Risk assessment for the safe operation of the test bench

In order to ensure the safe operation of the bench, an assessment of the various risk factors is necessary. The idea behind the assessment drill is to identify the factors or the events which may occur and cause harm to the user and the surrounding area. The following study will help in preventing them and ensure the safety of the bench user and the surroundings in the best possible way.

Preliminary risk analysis shows that the most serious thing which can occur is the accumulation of gas in any cell and the pressure kept increasing due to the continuous inflow which potentially turns the cell into a bomb. This very dangerous and can cause serious damage to the user and the permselectivity bench itself. It can occur due to the following reasons:

 The outlets valves are closed (user forgot to open the valves)

 There is a blockage at the end of the mass flow meters or at the outlets.

In both the cases the gas will be trapped inside the cell at very high pressure. If the gases are flammable such as Methane or Hydrogen and if there is an ignition source (electrostatic discharge for example), it can result in an inflammation and/or explosion causing serious injuries to the users. And if the gases are not flammable such as Nitrogen or Carbon dioxide it still poses the risk of blowing off the cell and device attached to it due to high pressure.

To avoid this situation, an application "Reactor Control" developed using LabView is used. It constantly monitors the pressure at the inlet and all the outlets. If the pressure increases in any cell more than the inlet pressure at any point of the experiments, a warning sign appears on a window with a loud alarm and if the user does not take any action within ten seconds, the supply of all the gases will be cut off.

The program also tracks the pressure changes occurring in all the cells and compares the measured values. If the pressure in any cell increases more than the preceding cell then too the warning sign will appear and the pneumatic valves will be shut down.

If the inlet pressure transducer is faulty, it exposes to an unavoidable risk. Here when mass flow controller comes into picture. If the downstream pressure exceeds a 15 bar mark the flow meters stop automatically. Even if the downstream pressure is reduced it will not resume operation unless a command is sent by the application 'Reactor Control' when the downstream pressure is brought down to atmospheric.

The other potential risk is leakage. As the bench consists of a number of tube connections, there is a possibility that the fluid can leak if the joint is not tightened or the connection is not made proper. The leakage can also cause an error in the measurements and result in post processing.

It is important to ensure there is no leakage during the experiments. Therefore prior to the start of any experiments, a leak test is performed using Nitrogen. The following steps are followed during the leak test:

1. All the outlets of the mass flowmeters placed at primary and second outlet are closed.

2. Application "Reactor Control" and "Fluid Flow Control" are opened. Then the command is sent to open the pneumatic valve.

3. The maximum mass flow rate is selected (3 g/s) and Nitrogen is injected at high pressure (10 bar) into the reactor and all the connecting tubes.

4. After a few minutes, the mass flow rate is set to zero and pneumatic valve is closed using the applications "Fluid Flow Control" and "Reactor Control".

5. In a few seconds the pressure gets uniform throughout the system. The pressure at inlet and all the outlets is measured through pressure transducers and it can be monitored through the application "Reactor Control".

6. After 15 minutes, the pressure is checked at all the points. If the value is still the same it confirms that the there is no leakage in the system.

7.

In order to confirm it further the soap solution mixed with water is applied at all the junctions and connections to check for very small leakages.

8. Even if there is a very small leakage, a soap bubble will start to form. 9. If there is a leakage, the joint is tightened or replaced if needed and again the same procedure is repeated.

10. If there are no leakages, the pressure is released and the remaining traces of any gas are vacuumed out using a vacuum pump.

11. Then the test starts according to the case. During the experiments also the soap solution is applied in equal intervals at all the junctions to ensure a leakage free test.

The exposure to gases like Methane, Helium or Hydrogen, even in a small amount can be harmful and therefore a proper exit plan from the laboratory is required. Whenever these gases (Methane, Helium or Hydrogen) are used during the experiments, the outlet of the mass flow meters is attached to a Swagelok 1/4" flexible pipe. These pipes are long and there is no junction in between except at the end of the mass flow meters. These tubes allow us to transport the gases outside the lab in a large open space where they can escape by eliminating the risk of fire or any other danger.

III.3 Control of the permselectivity bench

LabVIEW is a programming software developed by National Instruments. It allows to create applications for controlling the instruments (such as flow controllers, pneumatic actuators and others) and at the same time, acquires and records the data produced by various other measuring instruments (such as pressure sensors, temperature sensors and mass flowmeters).

In this thesis, LabVIEW is used to develop two applications, one for controlling the permselectivity bench, and the other for recording data produced by other measuring instruments, specifically thermocouples and pressure transducers. These applications are explained in detail in the coming sections.

III.3.1 The "Reactor Control" application

There are two objectives of this application. First is to govern the opening and the closing of the pneumatic valve. Second is to display and store the data or a signal received from the transducers.

The application has two parts, a block diagram and a front panel. Every front panel control or indicator has a corresponding terminal on the block diagram (see Fig. 54).

The block diagram of the application "Reactor Control" is composed of three DAQ assistants.

It is the brain of the whole program. It works as the interface between the user and the sensors.

DAQ assistant performs three important functions which are as follows:

• Acquiring signals from sensors (using VI)

• 7. One reset button is placed below the stop button. Sometimes the programme doesn't start due to some error in the command or a bug. In that case the programme can be brought to the initial stage by clicking on reset button (only for the Bronkhorst driver).

The purpose of this application is to begin the test and monitor all the measured parameters during the experiments. It is important to note that users can also trigger the emergency stop procedure at any time by clicking on the "stop" button on the user interface.

III.3.2 The "Fluid Flow Control" application

The driver required to control the mass flow meter is provide by Bronkhorst High-Tech BV. It can be used with LabVIEW. It consists of total five VIs. The governing of the programme is done by the two VIs known as 'Initialize' and 'Close'. Both the VIs allow the programme to run in a loop.

The opening of the mass flowmeter valve can be done by using 'Setpoint %' and 'Setpoint direct' VI. The 'Setpoint %' VI allows us to determine the valve opening on the basis of the percentage from 0 to 100%, whereas the 'Setpoint direct' VI allows to set the mass flowrate numerically.

The error enters from one VI to the other and is displayed at the end of the channel. If the users wants the error, it can be displayed after each VI. The key element of the LabVIEW is that the programme doesn't stop if there is an error in any VI. It will continue to run and the user can decide after looking at the displayed error if the program needs to stop or not.

The block diagram of the "Fluid Flow Control" is shown in Fig. 56.

The front panel of the application "Fluid Flow Control" is consist of following parts:

1. Mass flow controller node indicator displays which mass flow controller is in operation.

The El-Flow controller operates at node 3 and Coriolis mass flow controller at node 5.

2. In order to change the mass flow rate from any mass flow controller, a specific node should be selected first. The node can be changed by the clicking on up and down button positioned next to the indicator. It is also possible to type the node number directly into the display bar.

3. After selecting a node, the valve opening percentage as per the requirements can be selected from 0 to 100%. Here 0% corresponds to 0 g.s -1 and 100% is equal to 3 g.s -1 .

4. Similarly, as the node indicator, the valve opening percentage can be charged by clicking on the up and down button or putting the value directly into the display bar.

5. The mass flow rate corresponds to the opening percentage and is also displayed in the indicator placed next to it called the "mass flow rate g/s".

The front panel of the "Fluid Flow Control" is shown in Fig. 57. 

III.4 Validation of the permselectivity test bench

It is important to check that there is no leakage present between the junctions of the two cells. In order to verify this, all the primary outlets are closed and the fluid is injected into the reactor using a mass flow controller. When all the primary outlets are closed, inlet fluid will be forced to exit through the secondary outlet. Therefore, one mass flowmeter is placed at the secondary outlet to measure the mass flowrate of the exiting fluid to determine the recovered flow. The comparison of the inlet mass flow rate with the outlet will also allow us to find the uncertainty in the measurements of the mass flow meter and mass flow controllers. Leakage test is performed as described in section III.2.4.

It is concluded from the Fig. 58 that the uncertainty of the mass flow meter is very high (around 9.2%) for low mass flow rate of about 0.30 g/s. It means that the amount of recovered flow at 0.30 g/s when all the primary outlets are closed is about 91.8%.but when the inlet mass flow rate is increased to 1.5 g/s it can be seen from the Fig. 58 that the uncertainty in the measurement decreases. It is found to be as low as 0.26% for the mass flow rate of 1.5 g/s. should not be less than 0.30 g/s.

III.4.1 Development of analytical method for accurate determination of mass flowrate from each cell

This method allows us to measure the mass flow rate from each cell precisely without changing the position of the mass flow meter. It works on mass balancing.

The two mass flow meters at the primary outlet is named as MFM A and MFM B. The last mass flow meter is named as MFM C and placed at secondary outlet permanently. After that all the primary outlets are connected to both the mass flow meters i.e. MFM A and MFM B.

This is facilitated by a three way valve attached to each permeation cell as described above. It also ensures that all the outlets offer the same resistance to the outflow.

During the experiments, it is made sure that at a time only 4 outlets are connected to each mass flow meter i.e. MFM A and MFM B. It means if the primary outlet 1, 5, 7 and 8 are connected to MFM A the reaming outlets i.e. 2, 3, 4 and 6 will be connected to MFM B whereas the MFM C will always remain at secondary outlet.

To determine the accurate mass flow rate from each outlet for a given inlet mass flow rate MFM A and MFM B are required to measure the primary outlet mass flow rate seven times using different combinations of the outlets (see Table 11).

These 7 different configurations give 14 linear equations in terms of mass flowrates and solving these equations gives the primary flowrates from the respective cell outlets.

Table 11: Configuration of primary outlets with respect to mass flowmeter A and mass flowmeter B

Configuration MFR A MFR B 1 1+2+3+4 5+6+7+8 2 1+2+4+6 3+5+7+8 3 1+2+3+6 4+5+7+8 4 2+3+4+6 1+5+7+8 5 1+3+4+6 2+5+7+8 6 1+2+3+5 4+6+7+8 7 1+2+3+7 4+5+6+8
To validate the above method a test is performed for the inlet mass flow rate 1.50 g/s. This inlet flow rate is selected because it is seen that the uncertainty is very less for the higher mass flow rates.

It can be seen from Table 12 that the recovery is near 100% for all the configurations. The mass flow rate through the secondary outlet is also more or less constant. Hence it can be concluded that the fluid flow inside the porous tube is not affected by this method and recovery is also equal to 100%. Table 13 gives the mass flow rate from each cell after solving the equations.

As a perspective, another method for mass flow rate determination is also tried. In which the mass flowrate from each cell is measured one by one by changing the position of the mass flow meters along the length of the porous tube. The details of this method and recovery percentage can be seen in annexure A.4.

In the next chapter all the parameters will be plotted with respect to the length of the tube instead of the cell number. 

III.4.2 Validation of a mixture composition and Wilki's viscosity equation

To confirm that the set inlet mass flowrate for the respective gases in each studied case (see section IV.8) gives out the required composition of CO2 and N2 (50%, 60/40% and 70/30%) all the primary outlets are closed and fluid is forced to exit through the secondary outlet. The gas analyser is placed at the secondary outlet to determine the composition of the gases exiting through the tube. Once the inlet mass flowrates is stabilised and the composition of the gases is as required by the case, all the primary outlets are opened. The same procedure is repeated before each of the studied cases (in section IV.8). The inlet mass flowrate of each gas with respect to the required composition is determined using Eq. 1.54 (see section I.6).

The viscosity of the N2/CO2 mixture at the inlet of the tube (as plotted in Fig. 59) is determined using Eq. 1.57 and 1.58 for different compositions. It decreases with the increase in the CO2 concentration and the fluid pressure. These results are in agreement with the literature data [START_REF] Kestin | The effect of pressure on the viscosity of N2-CO2 mixtures[END_REF]. This confirms that the measurement of various fluid parameters (mass flowrate, gas composition, pressure and temperature) from the bench is reliable. 

III.5 Conclusion

The permselectivity bench is successfully developed by keeping all the aspects of the future study in mind i.e. to study the gas permeation, permeance and selectivity along the length of the porous tube at ambient as well as at high temperature. (Current research work is focussed at the ambient temperature). Prior to designing and developing the bench, a literature study had been performed to bring the innovative bench on the table.

The design of the different permeation cells is considered and modeled in 3D using CATIA. The feasibility of each designed model is checked. The optimum design has been selected and fabricated using stainless steel 316L. The proper sealing mechanism is designed in order to have proper isolated cells. Nitrogen, Carbon Dioxide, Methane and Helium are selected for the experimental study. The different devices for measuring mass flowmeter, pressure, temperature and many more are selected.

In order to control and acquire the data from different sensors of the permselectivity bench LabVIEW programme is developed. It ensures the precise control and storing of the measured data which will be helpful for the post processing. An analytical method is developed to determine the mass flowrate from each cell without changing the position of the mass flowmeters. The validation of the developed method and the bench is done before the start of the experiments.

The preliminary risk assessment is carried out for the safe operation of the test bench. In addition, the measures to prevent any unlikely event which can cause any harm to the users are also undertaken.

IV.1 Introduction

The experimental results for each test are presented in this chapter. They are divided into two parts. In the first part, the effects of single gases (Nitrogen, Carbon dioxide, Methane and Helium), of flow rates and of feed pressures on the permeation and the ideal selectivity of a porous stainless steel along its length are investigated and analysed. Moreover, the variations of the fluid parameters (density, viscosity and temperature) along the length of the tube have been also investigated.

In the second part, three different volumetric compositions (50/50%, 60/40% and 70/30%) of CO2/N2 binary mixture are used. The mixed gas permeability and selectivity are determined for four different cases in each composition. Then the single gas permeability and mixed gas permeability as well as the ideal selectivity and mixed gas selectivity are compared. Later, the effects of various parameters on separation efficiency of the porous material are studied. The 

IV.2 Experiments using Nitrogen for fundamental approach

The reliability of the bench is ensured by the obtained results presented in Table 14. It can be clearly seen from the table that the recovered flow obtained standard for the cases 3, 4 and 5 is 100%. Whereas, for the first two cases it is 80% and 95% respectively. This is due to the uncertainty offered by the mass flow meter in the measurement of the mass flow rate below 0.20 g/s.

Table 14: Flow distribution at primary and secondary outlet with total recovered flow To understand the permeation process along the tube, the mass flow rate is first given macroscopically through the 1 st and 2 nd half of the tube respectively. Fig. 60 presents the flow distribution along the 1 st and 2 nd half of the porous tube and the secondary outlet, all of them in function of inlet mass flow rate. The mass balance conservancy has been evaluated in the system.

It can be observed (see Table 14 also) that for the low inlet mass flow rate (0.25 g/s, and in a lower extent at 0.5 g/s), the recovered flow is not equal to 100% (recovered flow is the sum of all values measured for mass flow rates at the primary and secondary outlet). This is due to the limited accuracy of sensors (mass flow meters) when low flow rates values are to be measured. From Table 14, inlet flow rates of cases 3 to 5 (meaning higher than 1 g.s -1 ) are high enough for the sensors of the test bench to allow a mass balance conservation close to 100%.

Despite equivalent mass flow rate in the 1 st and 2 nd half of the tube (see Fig. 60), the main flow stream reduces in the 2 nd half because of the filtration flow in the first half. As a consequence, having the same filtrated quantity in the 2 nd half while the main flow is reduced by the quantity that filtrated in the first half indicates that the filtration is relatively higher (even if similar by absolute comparison). This shows the relative increase in the filtration flow in the second half of the tube (as will be seen in the next figures).

Case

It is observed that the secondary outlet is always the main outlet for these tests; which is mostly a question of flow resistance of the tube (a former work demonstrated the opposite when using a complex composite tube [START_REF] Najmi | Effect of flow configuration on Darcian and Forchheimer permeabilities determination in a porous composite tube[END_REF]). The further work undertaken helps in understanding the factors (boundary layer, local pressure effect …) governing filtration distribution along the length of the porous tube. To have a deeper insight into the flow through the 1 st and 2 nd half of the porous tube, the porous mass flow rate has been determined in each cell and for different flow cases (see Fig. 61). As it can be observed in Fig. 61, an increase in the inlet mass flow rate results in an increase in the flow through porous material along the length of the porous tube due to the fluid pressure which also increases according to the main flow rate. The mass flow rate along the tube seems constant for each experimental case (Fig. 61). Because the values from cell 8 (at position 0.88 m) are not reliable, they are not considered in the rest of the study which will focus on the first 77 cm of the tube (7 cells).

Figure 61: Variation in primary outlet mass flow rates along the length of the porous tube.

To better understand the flow behavior inside the porous media, pore Reynold's number 24 is computed using relation given in section I.3.1 (Eq. 1.33). Fig. 62 shows the evolution of pore Reynold's number along the length of the porous tube. It can be clearly seen that the flow is in laminar regime (Rp<1) for all cases. The primary outlet mass flow rate along the length of the tube (Fig. 61) enables determining mass flow rate entering inside the tube at various positions (see Fig. 63). From the 24 See section I.3.1.

figure, it can be seen that the flow inside the main channel decreases as the fluid flows towards the secondary outlet. This is quite obvious as a part of inlet flow present in the main channel (inside the porous tube) is filtrating through the porous media (primary outlet) during its advancement towards the secondary outlet.

Figure 63: Evolution of the main flow inside the porous tube along the axial direction.

Fig. 61 depicted that there is no major variation in the primary outlet flow along the length of the tube in all cases. However, having a constant flow along the tube may be counterintuitive because the flow in the main channel reduces due to the filtrated flow. Thus, having a lower flow rate along the main stream might generate a decreasing filtrated flow rate along the stream; which is not the case since the filtrating flow rate seems constant along the tube (Fig. 61). Thus, for each cell along the tube, the ratio between the filtrating flow rate and the main stream flow rate in the tube has been determined (Fig. 64) using following relation:

Percentage of P. O flow = ṁ 𝑒𝑥𝑡 (𝑧) ṁ 𝑒 (𝑧) × 100 (4.1) 
It clearly shows that the filtrating flow increases along the tube, starting from the inlet.

Near the tube exit, there is a sudden increase in the value of the through-flowrate in the last cell at 0.89 m (increase by a factor 2 to 3 compared to the stable values in the upper part of the tube). This is due to the perturbation caused by the welding process of the porous tube when connected to the test bench. This is also visible when the ratio of the permeate flowrate (Primary Outlet, P.O.) over the main flowrate for each cell is considered (Fig. 64).

The results show a regular increase of 4% to 6% in terms of a permeate flow from the first to the seventh cell but the last cell is clearly much over 15 %.

Again, the specific evolution of the case of 0.25 g/s is due to the coarse accuracy of sensors in this range. The facts that the all curves rise linearly from inlet to outlet of the tube and that they get all very similar in terms of magnitude, suggests that the factor governing permeation process in all these test cases should be similar. These experimental results are interesting because Fig. 64 clearly demonstrates that the proportion of the main flow that filtrates through the porous wall of the tube, is higher downstream (up to 6%) compared to upstream (about 4%). Despite it could have been expected

that the filtration would preferably occur upstream where pressure is higher or that the filtration would be constant (as Fig. 61 tends to show at a first glance), the filtration is enhanced along the flow.

The trend of the curves may be attributed to the filtration nature of the tube itself (porosity, permeability). Testing further lengths would be required to verify when this linear trend stops.

Testing materials with different permeability may lead to different slopes but shall not impact the linear trend if similar hydraulic conditions are used in terms of flow rate and tube diameter.

For an engineering application of a fuel cell, this result is important because it contributes to understand the flow behaviour and the fluid filtration in a continuous open process that occurs when species separation is investigated.

The spatial evolution of Fig. 64 could either be explained inside the porous material or in the tube itself. In order to understand the interactions between the parameters that are responsible for this behavior, a relationship between this Re number and the flow distribution shall be investigated further to develop an analytical relationship or laws. Thus, the first concluding remark of this work is that a relationship between the main flow and the porous flow is to be analytically developed.

The flow inside the tube is dominant by viscous forces, turbulent forces or both. The type of force dominates the fluid flow depends upon the Reynold's number. The Reynolds number can be computed using following relation:

𝑅 𝑒 = 𝜌𝑉𝐷 µ (4.2)
where D is the inner diameter of the tube, ρ is the density, V is the velocity, and µ is the viscosity of fluid flowing inside the tube.

To determine the density and velocity of the main flow, the pressure inside the tube along the length is required. The pressure is computed (inside the main channel) all along the length at equal intervals (averaged value over each 11.00 cm) using the following relation:

𝑃 𝑖 = 𝑃 𝑖-1 -𝛥𝑃 𝑖 (4.3) 
Where 𝑃 1 = 𝑃 𝑖𝑛𝑙𝑒𝑡 -𝛥𝑃 𝑖 , 𝑃 0 = 𝑃 𝑖𝑛𝑙𝑒𝑡 and ΔPi is computed using two different methods (Eq. 4.4 and 4.5) described in the literature [START_REF] Cengel | Fluid Mechanics: Fundamentals and Application[END_REF]. ⁄ , L is the length (in meters),

The computed pressure (Pi) from both the methods gives approximately the same results

(the maximum discrepancy is 0.001%). Fig. 65 presents the evolution of pressure (first method) inside the tube due to the main flow along the length of the tube. It can be clearly seen from Fig. 65 that the pressure inside the porous tube remains constant along the length of the channel for a given inlet mass flow rate. This is obviously erroneous because the downstream pressure measured during the tests is roughly constant around 1 atm. Thus, as a second concluding remark, there is a clear need for further investigation and analytical development for proposing a 1-D law (for example, to be included in the Bernoulli's law for liquid flow in order to take the pressure sink terms of filtration into account).

Figure 65: Evolution of pressure (first method) inside the tube along the length.

Another way to clearly understand the incoherence of these data is to consider the longitudinal pressure distribution in the channel (Fig. 65) and calculate the porous flow rate considering the Darcy's equation with the Darcian permeability mentioned previously above (Eq. 1.34). Fig. 66 shows the computed primary outlet mass flowrates along the length of the porous tube. It is clear from the plotted graph that the predicted values are much higher compared to the experimentally determined values (Fig. 61). This confirms that the traditional flow equations do not hold for describing the flow in a porous tube. It is also confirms that the pressure inside the porous tube cannot be determined by considering main flow. Thereafter porous flow is used to determine the pressure inside the porous tube. The pressure transducer placed in permeation cell allows measuring the pressure outside the porous media (see Table 15). The pressure in all every cells i observed to be same (in the range of uncertainty of the sensors). It is found from Table 15 that the pressure at the primary outlet slightly increases from Case 1 to Case 5. This is due to the accumulation process in the cell surrounding the main tube.

When the main flowrate increases, the pressure of the main flow increases and hence, the through-flowrate increases. Consequently, the stabilisation of pressure in the cells surrounding the main tube increases.

To obtain the pressure profile inside the tube linear (Eq. 1.30) and radial form (Eq. 1.34) of Darcy's equation is used (see Fig. 67 and68). The calculated pressure level is stable along the tube and very similar to the one measured in the cells surrounding the tube and shown in Fig. 67 and68.

Figure 67: Pressure calculated inside the porous tube using linear form of Darcy's equation. This is because the through flow-rate is very small and the pressure shall be comparable on both sides of the porous wall. However, one can see from this calculated trend that the calculated pressure distribution along the tube is poorly impacted by the regular pressure drop which does not seem to be visible when only considering these data from outside the tube. In addition, the measured pressure at the inlet (given in Table 14) is much higher than the calculated one from Eq. 1.30 and 1.34. As a consequence, the use of this equation is not appropriate in the present continuous cylindrical filtration configuration where the interactions between the main flow (facing regular pressure drop) and the through flow (generating a loss of mass and of pressure all along the length of the tube) is occurring.

The pressure estimated along the length of the porous tube by radial form of Darcy's equation is more stable compare to the linear form. This because of the logarithmic function used in radial form of Darcy equation.

Pressure is the most important fluid property required to describe the flow behavior inside the porous tube. Therefore, the correct estimation of pressure is necessary. There is a need of an analytical relation which can predict the correct pressure drop inside the main flow by considering main flow and the porous flow at the same time.

Therefore the work of Mamouri et al. is considered (see section I.3.7) [START_REF] Mamouri | Analytical solutions for laminar flow in membrane channels with cylindrical[END_REF]. In order to use this equation (Eq. 1.44), pressure at position Z= 0.0 m is required (see Fig. 69).

The scheme shown below (Fig. 69) represent the position of sensors in porous tube experiments used for the measurement of mass flowrate, pressure and temperature. It is not possible to install the pressure sensors at the 'inlet tube' and 'outlet tube' positions (marked in green background) due to design constraints of the permeation cell. If the pressure measured at Pin 1 or Pin 2 is used as Pinlet tube in Eq. 1.44, it leads to discrepancy in pressure calculation inside the tube along the length. It may be due to the increase in the diameter of the tubes along the flow which causes a pressure drop (Table 16). Analytical methods, frequently used to describe the fluid flow inside a tube are Continuity equation, Bernoulli's equation and Hagen-Poiseuille equation [START_REF] Cengel | Fluid Mechanics: Fundamentals and Application[END_REF] [218] [START_REF] Houghton | Chapter 2-Equation of Motion[END_REF], have also been tried to compute the pressure at the inlet of the porous tube by using measured pressure value at Pin 1 and Pin 2 but none of the equation is found to be applicable on this experimental setup (See annexure A.5).

Therefore, correct pressure value at inlet tube position is required to post process the results. To overcome this shortcoming, a non-porous tube is used for setting a cartography of pressure. To do so, two more pressure transducers are installed at the inlet and outlet of the non-porous tube. The non-porous tube has exactly the same geometrical configuration as the porous tube. This cartography of pressures as a function of mass flowrates enables further postprocessing of the results; as it will be seen later in section IV.3. 

IV.2.1 Experiments with non-porous tube

In order to determine the pressure at inlet porous tube position, another setup of the test bench is designed with exactly the same configuration of sensors as described above. However, in this setup, porous tube and permeation cells have been replaced by non-porous tube of exactly the same geometrical configuration as of porous tube (Fig. 70). An additional pressure transducer has been installed at Pinlet tube and Poutlet tube. The mass flowrate is measured at inlet and outlet only (secondary outlet). As the tube is non porous, there is no flow from the tube surface. Therefore ṁin= ṁout. This setup gives the possibility to measure the pressure at inlet of the tube which is very important to describe the flow inside a porous tube. The pressure inside the porous tube decreases along the length to an extent that it is visible at this scale and under a magnitude which is much appropriate than before (when only considering first: main flow with only pressure drop by friction i.e. Fig. 65 and second: filtration without pressure drop by friction or filtration in the main tube, i.e. Fig 68).

The clear advantage of the pressure calculated using Eq. 1.44 is that it also fits well with the measured data at the tube outlet (Table 18). Thus, Eq. 1.44 is considered to be more reliable than Eq. 1.30, 1.34, 4.3, 4.4 and 4.5 to describe the main flow because it enables to reproduce both inlet and outlet measured pressures.

Through a fine analysis of Table 30, one can see that the measured pressure is slightly higher than the calculated pressure for cases 1 and 2 but it is slightly lower for cases 3 and 4.

The flow regime may be responsible for these differences. When calculating the Reynolds number inside the main tube, it is seen that the flow is laminar or transitional for case 1 (from 4000 at inlet to 2500 at outlet) and case 2 respectively (from 6000 at inlet to 4000 at outlet).

The flow is in turbulent regime for cases 3 and 4 (from 8000 or 10.000 at inlet to 6000 at outlet) (see Fig. 72). Reynolds number decrease as fluid moves towards the secondary outlet for given inlet mass flowrate (Fig. 72). This is because of decrease in pressure as well loss of mass due to permeation process along the length of the porous tube.

The reason why Eq. 1.34 and Eq. 1.44 present such a large disagreement could be explained by the localisation where they take place. Eq. 1.44 predicts the pressure at the centre of the tube where the filtration velocity is null and where the main flow velocity is maximum.

Eq. 1.34 gives the pressure just before the porous media where the filtration velocity is maximum and the main flow velocity is null (see Fig. 73). Therefore, it can be concluded that a relationship between the pressure gradient and the dynamic boundary layer shall be considered when dealing with continuous filtration processes.

This would contribute in explaining the reason why Fig. 71 presents a pressure decrease along the tube, while Fig. 74 presents a filtration increase. This is contradictory to Darcy's law which is based on the pressure drop across the porous media which means there are some other factors that are driving permeation process in porous tube.

The effect of the dynamic boundary layer may play a role which may not be neglected for In order to have a better understanding of the above said statement, entry length (Lh) is computed using the relation given in Table 6 by considering all the cases, first as laminar and then as turbulent (Table 19).

In the present study, it is found that the length of the tube is not big enough for the development of the flow when the flow is in laminar regime (Table 19). This is because the entry length is greater than the length of the porous tube and the flow in all the studied cases remains in the hydrodynamic entrance region. Therefore, the velocity profile is not considered to be established along the length of the tube. While, in case of a turbulent regime, after 19 cm from the inlet, the flow is fully developed (Table 19). The entry length is much shorter in turbulent flow and its dependence on the Reynolds number is weaker. Nevertheless, based on Fig. 72, the Re being lower than 100,000 shows that the flow is laminar [START_REF] Cengel | Fluid Mechanics: Fundamentals and Application[END_REF], and for this reason it is difficult to consider the flow as turbulent. As already described in section I.3.5 the viscous sublayer in a turbulent flow is equal to boundary layer in a laminar flow [220] [152]. Therefore, irrespective of the nature of the flow (laminar or turbulent), viscous sublayer is computed for all the cases using Eq. 1.43 and plotted along the length of the porous tube (Fig. 75). It can be seen from Fig. 75 that viscous sublayer thickness increases along the length of the porous tube due to the decrease in the pressure (Fig. 71) which in turn decreases density and velocity. From Eq. 1.43, it can be seen that the sublayer thickness is inversely proportional to the velocity and the density because ν = µ/ρ. Hence, the decrease in pressure along the length of the porous tube increases the viscous sublayer thickness. The thickness of the viscous sublayer is usually found to be less than 1 percent of the pipe diameter [START_REF] Cengel | Fluid Mechanics: Fundamentals and Application[END_REF]. The viscous sublayer is suppressed and it gets thinner as the velocity (and thus the Reynolds number)

increases. The velocity profile in this layer is nearly linear, and the flow is streamlined. Hence, it can be characterized as a laminar flow [START_REF] Cengel | Fluid Mechanics: Fundamentals and Application[END_REF].

It is quite evident from Fig. 76 To further clarify the above statement, momentum is calculated for the fluid flowing inside the porous tube (main flow) using relation [START_REF] Arakeri | Bernoulli's equation[END_REF]:

M = ρ • 𝑉 2 (4.8)
here, V is the velocity in of the fluid in axial direction and ρ is the density of the main flow (axial flow).

Momentum refers to the combined impact of both mass and velocity. Mz is the momentum of fluid in the axial direction. Evolution of viscous sublayer is plotted against momentum of the main flow, Mz (Fig. 77), which shows that the increase in viscous sublayer thickness there results in decrease in momentum. Momentum decreases along the length due to decrease in mass flowrate and pressure. Decrease in momentum signifies that the driving force inside the tube which is required to make fluid exit through the secondary outlet, decreases. This further accelerates the permeation process. There is no specific trend observed when that axial velocity is computed. It tends to fluctuate along the axial direction. Similarly, when velocity profile is drawn along the radial direction using relation given in Table 6 the trend was absent. Therefore, Reynold's number is calculated in radial direction using relation 4.2 in which diameter of the tube 'D' is replaced by the radial distance (r) in the tube and in place of axial velocity 'V' radial velocity 'Vr' is used (determined using relation given in table 6). In order to observe the radial flow development along the tube the computed radial Reynold number is plotted with respect to radial distance for 2 test cases 1.00 g/s and 2.50 g/s (see Fig. 80). The pressure determined using linear and radial form of Darcy's equation is erroneous like N2 study. Therefore the pressure inside the main flow, along its length is calculated using Eq.

1.44 (Fig. 82).

Figure 82: Calculated pressure along axial direction (z-axis) for CO2.

The phenomenon observed is same as in the case of N2. The pressure estimated using Eq.

1.44 at the end of the porous tube (tube outlet) is very close to the pressure measured at the secondary outlet (Table 21). Cases 1 and 2 also present lower calculated values than the experimental ones compared to cases 3 and 4 which have higher calculated values; this can be due to the flow regime. The flow is in transitional regime for 1.00 g/s and 1.50 g/s (see Fig. 83). The flow is in turbulent regime for inlet mass flowrate of 2.00 and 2.50 g/s (see Fig. 83). The main flow

To further clarify the above statement (irregularity in primary flow), momentum is calculated similarly like already did in case of Nitrogen for the main flow and porous flow.

After that, first evolution of viscous sublayer is plotted, against momentum in the tube (Fig. 87) and ratio of the momentum (Fig. 88). Both figures (Fig. 87 and 88) follow the similar trend like the one observed in case of Nitrogen. In addition, the ratio of the momentum (Mz/Mr) is plotted against the length of the tube (Fig. 89). It can be seen that the ratio of momentum follows the downward trend along the axial length except at 0.55 m where a small spike in momentum ratio is observed and it is quite evident compare to the case of Nitrogen. This may be the possible reason that the dip in the percentage of primary flow is observed at 0.55 m (Fig. 84).

Figure 89: Ratio of momentum with respect to the length of the porous tube.

The ratio of the momentum is increased at 0.55 m due to decrease in the momentum of the porous flow whereas the momentum of the main flow continue to decrease along the length due decrease in mass flowrate and pressure (Fig. 82 and83).

The momentum depends upon velocity and density (Eq. 4.8). However, velocity is determined using (Eq. 1.52) relation between mass flowrate, density and area. Out of which area is constant in each cell and mass flow rate is slightly dipped at 0.55 m due to which momentum of the porous flow is also decreased. The other factor which can affect the momentum is density. Fluid density depends upon pressure and temperature. As the pressure at the primary outlets for a given inlet mass flow rate remain constant (Table 21), the temperature variation should be looked upon. The porous mass flowrate can also be affected by variation in temperature.

The temperature in all the studied cases of Carbon dioxide increases along the axial direction (Fig. 90). There is a sudden decreases in temperature at the inlet of the porous tube due the expansion of gas (Joules-Thompson effect) while the secondary outlet remain at the ambient temperature (higher than the inlet tube temperature). The temperature gradient established between inlet and secondary outlet initiate a small amount heat transfer which result in increase in temperature along the length of the porous tube in case of CO2. However, it becomes bit constant between 0.56 and 0.66 m. This could be a reason that the mass flowrate is slightly dipped at 0.56m. To have better understanding regarding the effect of temperature, Prandtl's number is calculated using the following relation [START_REF] Rajput | Heat and Mass Transfer[END_REF]:

Pr = µ • 𝐶 𝑃 𝘒 (4.9)
Where Cp (J/kg•K) is the specific heat at constant pressure and 𝘒 (W/m K) is the thermal conductivity of the fluid. The value of the Prandtl's number characterize the thermal boundary layer thickness (δth). The thermal boundary layer is analogous to hydrodynamic boundary layer.

The velocity profile of hydrodynamic boundary layer mainly depends on fluid viscosity, whereas the temperature profile of thermal boundary layer depends upon viscosity, specific heat and thermal conductivity. There are three possibilities depending upon the Prandtl's number [START_REF] Rajput | Heat and Mass Transfer[END_REF]:

i. δth=δ when Pr=1

ii. δth<δ when Pr>1

iii. δth>δ when Pr<1

For the Carbon dioxide, Prandtl's number is always less than 1; comparatively to Nitrogen around 0.5 (Fig. 91). It means that the thermal boundary layer thickness is always greater than hydrodynamic boundary layer thickness. It can be seen from the Fig. 91 that the Prandtl's Number is increasing along the length in all the cases but it becomes constant between 0.56 and 0.66 m similar to the temperature profile (Fig. 90). This implies that the thermal boundary layer thickness is similar at these two points. This is the reason a dip has been observed in the porous mass flowrate at 0.55 m. Nevertheless, at 0.66 m the mass flowrate again starts to rise (Fig. 84). This is because of the viscous sublayer thickness which is continuously increasing along the axial direction. Also due to stabilisation in the thermal boundary layer thickness, the amount of flow which cannot permeate at 0.55m causes an increase in amount of flow in viscous sublayer at 0.66. Therefore, the permeate flowrate again starts increasing. The viscous sublayer becomes more dominant over thermal boundary layer and hence governs the permeation process.

From this, it can be concluded that when there is a change in temperature the viscous sublayer as well as thermal boundary layer should be considered for correct estimation of porous flow rate. This also implies that if the temperature remains constant, the porous flowrate should be govern by viscous sublayer thickness only. In order to confirm that, two additional cases at low inlet mass flow (0.25g/s and 0.5 g/s) are performed. The low inlet mass flow rate is considered to avoid the temperature change along the axial direction due to expansion of gas at the inlet (Fig. 92). In addition the radial Reynold's numbers is also plotted for each section of the porouw tube with respect to the radial distance (see Fig. 94). Here also due to no-slip condition the Reynold's number near to the pipe wall is always zero. The decrease in Reynold's number at the centre as the fluid approaches towards the secondary outlet can be seen. From the obtained results, it is found that the inlet pressure tube for nitrogen is higher than carbon dioxide for the same inlet mass flow rate. It is because the molar mass of carbon dioxide which is higher than that of nitrogen. As nitrogen is lighter than carbon dioxide, it requires more pressure for the same inlet mass flowrate. Therefore, density of carbon dioxide is higher and velocity inside the tube is lower for the tests when nitrogen is used as a fluid. As the velocity is higher, it results in higher momentum in tube for nitrogen compared to carbon dioxide. Viscous sublayer thickness is also higher in case of nitrogen for given inlet mass flowrate. Pressure drop across the porous tube (inlet tubeoutlet tube) is higher in case of nitrogen compared to carbon dioxide. Therefore, pressure inside the cells is also higher for nitrogen. Viscosity of nitrogen inside the tube is higher compare to carbon dioxide.

The decrease in pressure inside the tube results in an increase in the viscous sublayer thickness due to the decrease in the density and velocity. Hence, it can be concluded from the results obtained from the N2 and CO2 studies, that in case of a stainless steel porous tube the permeation is driven by the development of the viscous sublayer.

IV.4 Gas permeability of pure gases

To determine the gas permeability in the cylindrical tube, a radial form of gas permeability equation is derived in section I.4.1. The gas permeability depends on the gas properties.

Whereas the Dracy's permeability is the property of the material it remains same irrespective of the change in fluid.

There is no such relationship found in the literature which relates gas permeability with the Darcy's permeability. In the following section, a relationship is developed to relate the Darcy's permeability with the gas permeability 25 .

IV.4.1 Relation between Darcy's permeability and gas permeability

The behaviour of the fluid flow has been observed through experiments in various porous media such as composite membrane, sand or porous metal. Their analysis has resulted into laws and correlations for predicting and measuring the flow rate of fluids in similar systems. It is also important to take into consideration the characteristics of the fluids as any equation derived will vary according to these. Some essential characteristics of the fluid that must be taken into account while deriving an equation are as follow: the kind of fluid, flow regimes, flow direction and number of fluids flowing [123] [133].

The relationship between Darcy's permeability and selectivity does not exist in literature.

The relationship is derived for the radial system using the radial form of gas permeability (Eq.

1.48) and Darcy's equation (Eq. 1.34). The radial form of gas permeability equation can be written as follows:

Ҏ = 1 𝜌 𝑆𝑇𝑃 [ 𝑅 [ln 𝑅 𝑒𝑥𝑡 𝑅 ] ṁ 𝐴 • 𝛥𝑃 ] (4.9)
Similarly, radial form of Darcy's equation can be written as follows:

𝐾 𝐷 µ = 1 𝜌 [ 𝑅 [ln 𝑅 𝑒𝑥𝑡 𝑅 ] ṁ 𝐴 • 𝛥𝑃 ] (4.10)
After comparing Eq.4.9 and 4.10, gas permeability Ҏ in terms of Darcy's permeability can be written as:

Ҏ = 𝐾 𝐷 • 𝜌 µ • 𝜌 𝑆𝑇𝑃 (4.11)
The above equation can simplify the determination of gas permeability and selectivity. The approximation of gas permeability for any gas and material at ambient temperature can be done on the basis of pressure (viscosity and density can be determined on the basis of pressure) and material permeability (which is known in most of the cases). Even in cases where the temperature is involved, the factors which will get affected are viscosity and density which can be easily evaluated or corrected for a desired temperature. In cases where the gas permeability has to be determined experimentally, the instruments required for various measurements are pressure transducer and a thermocouple (required only for high temperature study). This relation removes the complexity involved in a selectivity determination. The validation of the equation will be discussed in coming sections.

IV.4.2 Gas permeability with pure Nitrogen

Fig. 95a represents the evolution of Ҏ (N2) along the length of the porous tube. It can be seen at this broad scale that there is no change in the gas permeability along the length of the porous tube in all the mass flowrate cases. This means that the main factor impacting the permeability in the system is the flowrate or pressure. At a closer scale (Fig. 95b to Fig. 95e), a small increase in the gas permeability is observed along the length which demonstrates that the flowrate or the pressure are not the only parameters. The gas permeability increases with the mass flowrate. Moreover, it can be observed that the gas permeability increases along the length for all cases due to an increase in ratio (ρ/µ). This increase is due to a decrease in pressure inside the tube, causing a decrease in viscosity as the fluid flows towards the secondary outlet [START_REF] Lohaus | Tunable permeability and selectivity: Heatable inorganic porous hollow fiber membrane with a thermoresponsive microgel coating[END_REF].

Figure 95: Gas permeability (N2) determined using eq. 4.11.

In order to validate the equation 4.11, the gas permeability is also determined using Eq.

4.9 and the obtained results are compared. From Fig. 96, one can see that the gas permeability results obtained using radial form of gas permeability equation (Eq. 4.9) are similar to the one obtained using the newly developed relation i.e. Eq. 4.11. This means both the equations (Eq. 4.9 and 4.11) are identical.

Figure 96: Gas permeability (N2) determined using Eq. 4.9.

IV.4.3 Gas permeability of pure Carbon dioxide

Now, regarding the gas permeability of carbon dioxide (calculated using Eq. 4.11) along the length of the porous tube (Fig. 97a), the macroscopic trend seems to be constant. However, a slight decrease in the gas permeability can be observed at a closer view, along the length of the tube (Fig. 97b to 97e), while there was an increase in the case of Nitrogen. Looking at the gas permeability equation (Eq. 4.11), there are two key variables (density and viscosity) which could explain such phenomenon. In the case of CO2, the gas permeability decrease is due to a decrease in density (which is thus the main key variable) along the length of the tube. This density change is due to an increase in temperature (Fig. 90). The fact that no temperature change was found for N2 makes the temperature effect to be lower than the viscosity effect.

Thus, among the two key variables, for N2, the viscosity is the most important one while for CO2, the dynamic viscosity that decreases along the length of the tube (the same that was observed for N2), has a lower impact than the density. Hence, even if the temperature is taken as constant along the length of the tube (in case of N2), the ratio (ρ/µ) will increase due to a decrease in viscosity. This makes the gas permeability increase.

Figure 97: (a -e) Gas permeability (CO2) determined using Eq. 4.11.

Similar to the Nitrogen study, the CO2 gas permeability is determined using radial form of gas permeability equation (Fig. 98). It is shown from the obtained results that the Eq. 4.9 and 4.11 gives the same results and hence, both the equations are identical. Therefore, Eq. 4.11 can be used in place of Eq. 4.9 to determine the gas permeability.

Figure 98: Gas permeability (CO2) determined using Eq. 4.9.

IV.5 Selectivity of pure gases

As discussed above, ҎN2 increases and ҎCO2 decreases along the length of the tube in all the studied cases. Hence, the selectivity (ҎN2/ҎCO2) determined using Eq. 1.49 slightly increases (Fig. 99) along the length of the tube. The average increase in the ideal selectivity along the porous tube is about 0.11%, 0.20%, 0.34% and 0.49% for the case 1, 2, 3 and 4 respectively.

This clearly shows, even if limited, that a continuous filtration process can be used to separate the gases by varying the fluid properties (i.e. density, viscosity) along its length. The effect of the length shall be further studied to identify what would be the maximum increase of selectivity, depending on the development of the boundary layer. As a result, it is found that the permeate flowrates for N2 along the length of the tube are always higher than those for CO2. It means that N2 flux > CO2 flux. This may be because N2 viscous sublayer thickness which is greater than the one of CO2. The increase in permeate flow can be clearly seen when total through flowrate of both the gases are compared with respect to the respective inlet mass flowrates (Fig. 100). The relative gap of filtrated flowrate between N2 and CO2 increases as the inlet mass flowrate increases (Fig. 100). Hence, the total permeate flowrate increases with an increase in the inlet Reynolds number. This unexpected property of a porous tube may be used in industrial processes for controlled separation of species. 

IV.6 Additional fluid flow study using methane and helium

Similar fluid flow analysis as described above for Nitrogen and Carbon dioxide is performed using Methane and Helium as a fluid. In this study, the pressure inside the tube is determined using Eq. 1.44 and found that it fits well with the experimental data. From this, it can be concluded that the equation (Eq. 1.44) is applicable for all the kind of fluids in case of porous stainless steel tube. Similarly, here also the pressure determined using radial form of Darcy equation (Eq. 1.34) is almost similar to the pressure measured at the primary outlets. In case of methane and helium also the permeate flow increases along the axial direction due to the increase in viscous sublayer thickness. All the obtained results for different studied cases for Methane and Helium are given in annexure A.8.

IV.7 Comparison of four pure gases permeations

From the measured experimental data (such as mass flowrate, pressure and temperature)

various fluid properties such as density, Reynold's number, viscosity and many more are calculated for Methane and Helium using the same fluid flow equation as described in the above sections (IV.3 and IV.4). All the calculated and measured properties for Nitrogen, Carbon dioxide, Methane and Helium are compared and tabulated in a single table in an increasing order (Table 22). This will facilitate in understanding that which parameter should be considered while studying the gas separation or permeation using particular fluid. The comparison between different gases for all the fluid properties (measured or calculated) is carried out at the same inlet mass flow rate (1 g/s). It can be seen from Table 22 viscosity is greatest for Helium and smallest for Methane for same inlet mass flow rates.

Whereas Reynold's number is greatest for the methane and smallest for the Helium because the Reynold's number is inversely proportional to the viscosity (Eq. 4.

2). Hence it can be concluded that even the Reynold's number is directly proportional to the density and velocity but it mostly govern by viscosity in case of porous stainless steel tube. The viscous sublayer thickness follow the same trend as of viscosity. It can also be seen from Table 22 that the pressure is not the only the factor which governs the filtration or permeation through the porous In case of helium momentum in radial direction (Mr), viscous sublayer thickness and pressure inside the tube (Pz) all are higher compared to all other gases but still the permeate flow is the least. It is due to the velocity in axial direction which is very high and almost five times higher than (Fig. 105) of Nitrogen, Carbon dioxide and Methane for the same inlet mass flow rate. This doesn't allow the gas particle enough time to permeate and result in lesser permeate flow. The velocity is inversely proportional to the density (Eq. 1.52). As density is very small due to small molecular mass compared to other gases, it result in very high velocity.

Therefore, it cannot be said that one parameter is responsible for the permeate flow. It's an interaction between numbers of fluid parameters that govern the fluid flow inside the porous tube. However, the increase in permeate flow along the axial direction is definitely due to viscous sub layer thickness. It can also be concluded from Fig. 102 and 105 is that there is a balance between the porous flow and the main flow. If the main flow speed is high, then the through flow is more limited. Again, this can be seen as a "flow resistance" which is higher in the porous flow than in the main flow and consequently the permeation is limited. Temperature along the length of the porous tube remains constant in case of Helium and Nitrogen. Whereas it is found to be slightly increasing (2-4°C) in case of Methane and Carbon dioxide due to Joule-Thompson effect which is observed at the inlet of the porous tube due to the expansion of gases. In case of Nitrogen and helium this effect (Joule-Thompson) remain absent. However, the permeability is increasing along the axial direction (Z-axis) in all the

IV.8.1 Evidence of interactions between species in a binary mixture on gas filtration

The mixed gas permeability of CO2 and of N2 is determined using Eq. 4.11 (see Fig. 106).

For all compositions, increasing the total mass flowrate increases the mixed gas permeability of N2 as well as of CO2. This is due to the increase of the inlet pressure (caused by the higher mass flowrate) which causes the ρ/µ ratio to increase (see Eq. 4.11). The pressure effect is the same for both CO2 and N2 (Fig. 107a). However, the pressure rise is generated by a change in the respective partial pressures of N2 and of CO2 (Fig. 107b). Thus, the CO2 mixed gas permeability increases with the increase in CO2 concentration whereas the N2 mixed gas permeability decreases (because at the opposite, the N2 partial pressure decreases). The results obtained are in accordance with the work of Melendez et al. (2017) [START_REF] Melendez | Preparation and characterization of ceramic supported ultra-thin (~1 µm) Pd-Ag membranes[END_REF].

In addition, the mixed gas permeability profile along the length of the tube for all the three compositions seems to be constant on a global scale (Fig. 106). This demonstrates that the main influencing parameter is the total pressure (case 1 to 4), then the second is the partial pressure (composition) and only on third position, the spatial distribution may have an impact (when studying the data on a closer view as it will be discussed below, based on Fig. 107). To understand the distribution of mixed gas permeability along the length of the tube, one test-case from each composition is considered and compared with the corresponding pure gas permeability obtained for similar mass flowrates (determined in a section (IV.) of pure gas [START_REF] Najmi | Axial distribution of permeance and of ideal selectivity of a porous cylindrical tube[END_REF] (Fig. 108).

The N2 pure gas permeability increases for all the three compositions along the length of the tube, whereas the mixed gas permeability of N2 slightly increases or roughly remains constant for a 50/50% composition and decreases for the other two compositions (60/40% and 70/30%). Hence, the increase in CO2 concentration reverses the trend of N2 gas permeability in case of a mixture. This is an important result because it demonstrates the fact that a competition between chemical species may happen in terms of filtration and this is the key principle that may govern the differentiated selectivity of materials. This observation does not apply to CO2 gas permeability for which the pure and mixed gas permeability keep the same trend. This demonstrates that in such a competition between species, the change is mostly observed for the minor compound and not for the major one.

Figure 108: Change of trend for N2 permeability in a mixture compared to pure conditions when CO2 concentration is increased.

Table 24 shows the average values of the gas permeability and selectivity along the length of the tube for the respective cases. The difference between the separation selectivity and ideal selectivity values is 0.99% for 50/50% composition which is nearly the same compared to 18.9% and 39.9% obtain respectively for cases 60/40% and 70/30%. As seen before, the ideal selectivity is very close to the separation selectivity for 50/50% composition. The ideal selectivity and separation selectivity in 60/40% and 70/30% composition are not the same due to the different partial pressures of the compounds. This conclusion is in line with the results obtained by Wu et al. (2015) [START_REF] Wu | Influence of propane on CO2/CH4 and N2/CH4 separations in CHA zeolite membranes[END_REF].

The ideal selectivity (N2/CO2) decreases with an increase in CO2 concentration because the inlet mass flow rate of N2 for all the three compositions remains almost the same due to which the N2 gas permeability also remains constant. While the CO2 inlet MFR increases due to which the pure CO2 gas permeability increases and hence the selectivity decreases. The separation selectivity (N2/CO2) decreases due to an increase in the CO2 mixture gas permeability caused by the higher CO2 content and partial pressure.

Table 24: Pure gas and mixture permeabilities and N2/CO2 selectivities for three different compositions (Pure gas permeability values are imported from [START_REF] Najmi | Axial distribution of permeance and of ideal selectivity of a porous cylindrical tube[END_REF]). 

Inlet

IV.8.2 Investigation of the origin of multispecies interactions

To understand the interaction between both gases, the concentrations of N2 and CO2 inside the porous tube for three different inlet compositions are determined (Fig. 109). It can be seen that the CO2 concentration decreases and the N2 concentration increases inside the main flow along the length of the porous tube in all cases of three different inlet compositions. This result is very important because it clearly demonstrates the ability of a porous stainless steel tube to filtrate preferably one chemical compound rather than another, even when mixed under equivalent mole composition (50/50).

To understand the distribution of N2 and CO2 inside the porous tube along its length, the Knudsen number (Kn) is calculated using Eq. 1.29 [START_REF] Halwidl | Flow of gases. In: Development of an Effusive Molecular Beam Apparatus[END_REF]. The Kn value obtained for all the cases 1 to 4 and for the 3 different compositions is always much lower than 0.01 (of the order of 10 -9 ). It means that the flow regime is continuum and there is a frequent interchange of momentum and energy through particle collisions. Therefore, the momentum of N2 and CO2

gases is classically determined inside the tube using the Eq. 4.8 (Fig. 110). 

IV.9 Conclusion

The aim of this study is to determine permeance and selectivity of binary mixture of gases along the length of a porous channel. Primary experimental results obtained through this bench using Nitrogen confirm the reliability of the developed bench. Therefore pressure is estimated, using a relevant normalized pressure equation, demonstrated a good agreement with the measured data in case of all the gases (Nitrogen, Carbon Dioxide, Methane and Helium) used. It was found that a pressure gradient exists in the radial direction in case of a porous tube and it can be correlated to the thickness of the dynamic boundary layer to accurately explain the pressure drop and the filtration in a cylindrical porous tube. Thus, a radial form of the gas permeability equation has been mathematically demonstrated and its relationship was developed with Darcy's permeability for this work. In this study, the permeance and the ideal selectivity of N2 and CO2 have been determined along the length of a stainless steel porous tube using a specifically developed permselectivity test bench.

The gas permeability of N2 and CO2 was then experimentally determined and the results were validated by using the radial form of the gas permeability equation. The viscous sublayer thickness is higher in the case of N2 for a given inlet mass flowrate. This could be a reason for N2 to have a higher primary outlet mass flowrate compared to CO2. It is found that the gas permeability of N2 increases along the length of the tube while the same for CO2 decreases.

Two key variables (density and viscosity) were found to be responsible and a competition between both of them made the gas permeability to either increase or decrease for N2 or CO2 At last, the longitudinal separation ability of a stainless steel porous tube has been investigated through the estimation of gas permeability and selectivity of N2/CO2 mixtures.

The ideal selectivity and the separation selectivity have been found to be different; which illustrates a matrix effect of the mixture for which the different viscosities of both species compete with each other and influence the filtration process of the other species. The ideal and separation selectivity decreases with an increase in the CO2 concentration which shows that the major compounds have the main role, from far. This clear effect of selectivity has been shown corresponding to a larger filtration of CO2 (major compound) than of N2 compound (minor compound). For the three compositions under study, the concentration of N2 in the main flow increases from the inlet to the outlet. This demonstrates the ability of such a tube to evacuate impurities like CO2 which are expected to be removed when considering applications like fuel cell. The increase in CO2 concentration also reverses the trend of N2 gas permeability in case of a mixture. In addition, the selectivity was found to vary along the tube length due to the dynamic boundary layer which plays a key role in this spatial separation process. The viscosity of the gas mixture is responsible for this change in the boundary layer and what changes the viscosity is the chemical composition of the mixture and the pressure mainly.

Conclusions and perspectives

Using Fuel Cell on board of aircraft could be useful in the coming years for local energy production. The Solid Oxide Fuel Cell (SOFC) for example could be used, mostly if species like hydrogen and light hydrocarbons are available onboard. In the meantime, liquid fuel (stored for propulsion application when burned in the combustion chamber) may encounter temperature that pyrolysis it and that produces light species. Since the higher the H2 or light hydrocarbons content, the longer the life time of the fuel cell. However, using heavy fuel would decrease the life time of the fuel cell. Thus, a separation of light/heavy species is required. To do so, the porosity of the composite materials which are used onboard may be used to separate light from heavy species and thus to increase the H2 or light hydrocarbons concentration by filtration process.

The separation efficiency of the materials is characterized by permeance and selectivity.

These two factors are determined experimentally using different kind of experimental configuration such as disk type and tube type. To improve the gas separation characteristics of the existing porous material, different techniques are used. In which special membrane coatings are produced and placed on the porous material which is quite complex and separation is govern by different phenomena such as capillary condensation and molecular sieving mechanisms which result in a very slow separation. In the area of aerospace and continuous industry filtration, this techniques cannot be implied due to their slow separation mechanism and complex fabrication. Consequently, there is a need to develop a new and practical separation technique. The aim of the present research work is to study the separation of gases using a porous tube and the variation in fluid properties such as density, viscosity, Reynold's number and many more.

In the first chapter, different type of fuel cell and there limitations are studied. The most common shortcoming in all the fuel cell is storage and availability of Hydrogen from the clean source. The jet fuel pyrolysed during the transpiration cooling can be a clean source of Hydrogen production on board of aircraft. The different methods used in industry for hydrogen production also produces some unwanted gases (e.g. CO2, CO) and need to be separated before using in fuel cell. There are many ways of gas separation presented in the literature amongst which separation using a membrane is the simplest. The separation efficiency of the porous material depends upon selectivity and permeance whereas the later depends upon the permeability of the material. Therefore, different method of permeability determination and fundamental methods describing the flow inside the porous media is studied i.e. Darcy's and non-Darcy's flow. The geometrical factor affecting the permeability are also discussed. At last, the determination of various physical properties of fluid (such as density, velocity and viscosity) for pure gases and mixtures are presented.

In the second chapter, the effect of geometrical configuration (i.e. disk type and tube type) on permeability determination is studied. This work is divided into two parts for which two different experimental benches are developed and used. In the first, different types of disks with different porosity and permeability are studied by considering the different opening of secondary outlet. In the second part, the porous composite tube is used and the effect of different openings of secondary outlet on permeability by two different methods of determination is studied. In disk study, the Darcy's permeability is not affected by the opening and closing of secondary outlet. While in case of tube a slight increase in Darcy's permeability is recorded. In addition it is also discovered through the bubble experiment that the permeation is not constant along the length of the tube.

In third chapter by taking inputs from the precious study (chapter 2) and the literature study an innovative permselectivity test bench is designed and developed. The aim of the developed bench is to determine the spatial evolution of species along the length of the porous tube. In order to do so permeation cells are designed with the specific features. The design of the cells are first validated using 3D modeling software CatiaV5 and fabricated later. In addition an analytical method is developed to determine the accurate mass flowrate from each cell. The proper operation of test bench and validation of the above developed method is done by performing series of tests.

In the fourth chapter, the results obtained using the permselectivity bench are presented and analyzed for single gases and mixture of gases. The permeation profile of a gas is determined along the length of a tube (porous stainless steel) with the help of isolated permeation cells (discontinuous measurement through 8 points along the one meter length) and factors governing the permeation process. In the beginning, experiments are performed using Nitrogen to check the reliability of the bench. It is observed that the recovered flow is 100% for higher inlet mass flow rates (inlet MFR≥1.00 g/s) whereas for 0.25 g/s and 0.5g/s the flow recovery is about 80% and 90% respectively. Therefore in the later part of the study inlet mass flowrate less than 0.5 g/s is not considered.

The effect of different inlet flow rates and feed pressure on the permeation of the tube is investigated. Pressure is one of the very important parameter for the fluid flow analysis.

Therefore the correct determination of the pressure inside the main flow is required. To fulfil this objective pressure along the axial direction is determined using different fluid flow equations first by considering main flow and second by considering porous flow. The obtained results confirms that none of the traditional flow equation is able describe the pressure profile inside the main flow. In order to have better understanding regarding the fluid flow another setup is designed using non porous tube of the same geometrical dimension as of porous tube.

Series of experiments are performed to validate non porous tube for porous tube study. The pressure inside the main flow is determined using normalized form of pressure equation which fits very well with measured pressure data. The inlet pressure required for this equation is determined using non-porous tube which is validated earlier. The slight variation in estimated pressure value is due to the flow regime. The primary outlet flow is found to be increasing along the length of the tube when expressed in terms inlet main flow with respect to axial position.

The experimental work is primarily divided in two parts single gas study and binary mixture study. In the first study fluid flow analysis is performed using pure gases such as Nitrogen, Carbon dioxide, Methane and Helium. The aim of this study is to determine the permeance and the ideal selectivity of a porous stainless steel tube along its length to analyse the spatial behavior of this continuous filtration process. The effects of different inlet flowrates and feed pressures are investigated and analysed with respect to the development of the boundary layer. It is found that the permeation is driven by the viscous sublayer thickness along the length in case of porous stainless steel tube.

There are some more parameters are also identified which should be taken into account while studying the permeation in a porous tube in addition to the boundary layer. These parameters are the velocity of the main flow, Vz (i.e. axial flow), momentum in the main flow, Mz (i.e. in axial direction), momentum in radial direction, Mr, Density, ρ and viscosity, µ. When there is a change in temperature is involved, thermal boundary layer should also be considered.

In addition, a new gas permeability equation is developed by including Darcy's permeability which simplifies the gas permeability determination process.

The gases can be separated by the change in density and viscosity. Hence, different flow characteristics such as Reynolds No, linear and radial velocity are to be noted for each compound. Thus, these properties can be used for separating the two gases present in a binary mixture.

In the second part of the experimental study, three different volumetric composition (50/50%, 60%40% and 70/30%) of CO2/N2 binary mixture is used. The mixed gas permeability and selectivity is determined for four different cases in each composition. Then, the single gas permeability and mixed gas permeability as well as the ideal selectivity and mixed gas selectivity are compared. The ideal selectivity and the separation selectivity have been found to be different; which illustrates a matrix effect of the mixture for which the different viscosities of both species compete with each other and influence the filtration process of the other species.

The ideal and separation selectivity decrease with an increase in the CO2 concentration which shows that the major compounds have the main role.

The Knudsen number is determined to characterize the main flow inside the porous tube for all the cases. It is always much lower than 0.01 (of the order of 10 -9 ). It means that the flow regime is continuum and there is a frequent interchange of momentum and energy through particle collisions. The N2 and CO2 composition distribution profile is determined which suggest that the concentration of N2 increases from inlet to outlet. This confirms that such configuration can be used for gas separation in which the density, viscosity and temperature vary along the length of the channel due to a decrease in the pressure along the length of the tube. This have a significant effect on the permeance and on the selectivity of gases.

As far as the future perspective is concerned still some work can be carried out to develop this filtration technique into a novel and recognized method in the field of gas separation which is as follows:

1. Further studies can be performed on mixtures with He/CO2 and He/CH4 under the enlarged operating conditions for mixtures from 50/50 to 01/99 compositions to get closer to the realistic operating conditions of fuel cells.

2. Testing further lengths (more than 1m) of the porous tube would be required to verify when this linear trend of increase in the permeate flow stops and to develop a mathematical relation between the viscous sublayer thickness and permeate flow.

3. The fluid flow analysis should be performed for the same or different binary mixture using porous tube of different material such as composite preferably less porous than stainless steel.

4. There is a requirement of the high temperature study in order to see effect of temperature on the permeation profile whether it is till govern by viscous sublayer thickness or thermal boundary layer become more dominant.

5. Numerical model can be developed for gas separation study by considering all the parameters (as presented above) responsible for the gas permeation through the porous tube. The developed model will save time and money spent in the experimental study.

6. Forchheimer term can be included in gas permeability equation in order to study the effect of turbulent flow on gas separation through porous tube. 3. L'analyse de l'écoulement du fluide doit être effectuée pour un mélange binaire identique ou différent en utilisant un tube poreux de matériau différent tel qu'un composite de préférence moins poreux que l'acier inoxydable.

Conclusions et perspectives

4. Il y a une exigence de l'étude à haute température afin de voir l'effet de la température sur le profil de perméation si elle est dominante par l'épaisseur de la sous-couche visqueuse ou la couche limite thermique devient plus dominante.

The H2 permeabilities and H2/CO2 selectivities for different polymer membranes are provided in Table 26 [234] [235]. 27 Permeabilities determined at 30°C and at 30 psi feed pressure. 28 1 Barrer = 10 -10 cm 3 (STP)cm/(cm 2 s cmHg) where STP = standard temperature and pressure.

Table 27 provides an overview of the optimal temperatures and conductivities for hydrogen separation membranes based on dense proton conducting materials.

Table 27: Conductivities of potential proton conducting materials for H2 separation membranes [START_REF] Phair | Materials for separation membranes in hydrogen and oxygen production and future power generation[END_REF]. The measured pressure data along the length of the non-porous tube (see Table 34) also gives insight about the pressure profile as the fluid moves towards the secondary outlet. In order to verify the measurements done by the various pressure transducers, two additional tests are performed by changing the position of all the pressure sensors (for example the pressure transducer used at 0.56m in test 1 in placed at 0.11m in test 2). If the average of the measured pressure value for given inlet mass flowrate is taken, it can be clearly seen that the pressure is almost the same in all the three tests which validates the measure done by pressure transducer.

Material

It can be concluded from the obtained results that the pressure inside the non-porous tube along its length remains constant for a given inlet mass flowrate (which is quite small). It may be due to measurement range of the pressure transducer which is very big (0 to 40 bar). Hence, they are not able to measure very small pressure drop (in terms of millibar) along the length of the non-porous tube. 35). If an average is taken along the length it is similar to the values obtained in case of non-porous tube (Table 34). These results conclude that the non-porous tube has same geometrical characteristics like a porous tube. This means that both the setups are identical and inlet pressure measured in non-porous tube can be used as inlet pressure for porous tube for post processing the results. In the present study, the inlet pressure is not regulated. It depends upon inlet mass flow rate, and upstream bottle pressure. Whenever the inlet tube pressure (Pinlet tube) is determined using non porous tube for any inlet mass flowrate, the upstream condition should be the same as when the experiment is performed using porous tube with the same inlet mass flow rate.

Otherwise, it will result in error in the calculations. In Methane study the calculated pressure is lower than the measured for case 1 whereas for all the remaining cases (case 2, 3 and 4) the measured pressure is slightly lower than the calculated (Table 37). Because case 2, 3 and 4 are in turbulent regime and only one in transitional regime i.e. case 1 (Fig. 115) whereas in the previous studies (Nitrogen and Carbon dioxide) two cases (case 3 and 4) were in the turbulent regime and two were in laminar or transitional (i.e. case 1 and 2). The pressure at the inlet of the tube is comparatively higher than the one obtained in case of Nitrogen and Carbon dioxide study for the same inlet mass flow rate (Fig. 114). It is due to the molecular mass which is quite small in case of methane. The primary flow continue to rise with the increase in viscous sublayer thickness even in case of Helium (Fig. 123 and124). It can be concluded that even the molecular mass or size of the gas particles does not affect the primary flow in case of porous stainless steel tube. Certainly the increase in the percentage is not the same like in the previous studies but still there is an increase which is more important. In term of continuous filtration process this can be a breakthrough. 
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Chapter I: Fuel cell technologies and associated challenges of materials I. 1 Introduction

 1 This chapter introduces the concept of gas separation by means of membrane or porous material to obtain pure hydrogen for fuel cell application. After a large overview of the different types of fuel cell technology, some methods of hydrogen production and their limitations are described. Gas separation techniques, focusing on membranes, are detailed and the fundamental description of the fluid flow inside the porous media is given for Darcy's and non-Darcy's flow. The geometrical factors affecting the permeability and the operational ones affecting the permeation are described. In terms of gas separation, the performances of the membranes are addressed through permeance and selectivity, experimental determination of which is seen. Last, the calculation of various physical properties of the fluid (such as density, velocity and viscosity) for pure gases and mixtures are presented. Ce chapitre introduit le concept de séparation des gaz au moyen d'une membrane ou d'un matériau poreux pour obtenir de l'hydrogène pur pour une application liée aux piles à combustible. Après un large aperçu des différents types de technologie des piles à combustible, quelques méthodes de production d'hydrogène et leurs limites sont décrites. Les techniques de séparation des gaz, en se concentrant sur les membranes, sont détaillées et la description fondamentale de l'écoulement du fluide à l'intérieur des milieux poreux est donnée pour les différents types de flux. Les facteurs géométriques affectant la perméabilité et les facteurs opérationnels affectant la perméation sont décrits. En termes de séparation des gaz, les performances des membranes sont abordées par la perméance et la sélectivité dont la détermination expérimentale est expliquée. Enfin, le calcul des diverses propriétés physiques du fluide (telles que la densité, la vitesse et la viscosité) pour les gaz purs et les mélanges sont présentés.

[ 9 ]

 9 [10] [START_REF] Cai | Hydrogen production from oxidative steam reforming of biobutanol over Colr-based catalysts: effect of the support[END_REF] [START_REF] Silva | The study of the performance of Ni-based catalysts obtained from LaNiO3 perovskite-type oxides synthesized by the combustion method for the production of hydrogen by reforming of ethanol[END_REF] [13][START_REF] Udomsirichakorn | Review of hydrogen-enriched gas production from steam gasification of biomass: the prospect of CaO-based chemical looping gasification[END_REF] [15][START_REF] Chattanthan | A review on current status of hydrogen production from bio-oil[END_REF]. Methane is also an important source of Hydrogen production.Fuel cell converts chemical energy into electrical energy with high efficiency compared to I.C engines. It consists of three basic components through which this conversion process occurs. These are cathode, anode and electrolyte. The function of anode is to oxidize the fuel, mostly hydrogen. Anode removes the electron from hydrogen atom to converts it into positively charged ion. The electrolyte is selected in such a manner that it allows the ions to flow through it but not the electrons. The free electrons flow through the external circuit in order to produce a current. Oxygen is supplied to the other side of the cathode. The reduction reaction occurs at the cathode which converts the oxygen into negatively charged ions in order to react with positively charged hydrogen to form water (Fig.1)[17] [18] [19][START_REF] Singhal | High-temperature Solid Oxide Fuel Cells: Fundamentals, Design and Applications[END_REF].

Figure 1 :

 1 Figure 1: Schematic diagram of fuel cell [21]

Figure 2 :

 2 Figure 2: Schematic diagram of proton conducting fuel cell[START_REF] Feroldi | Description of PEM Fuel Cells System[END_REF] 

Figure 3 :

 3 Figure 3: Schematic diagram of alkaline fuel cell[START_REF]office of energy efficiency & renewable energy (Hydrogen and Fuel cells)[END_REF] 

Figure 4 :

 4 Figure 4: Schematic diagram of Molten Carbonate Fuel Cell[START_REF] Aili | Methyl phosphate formation as a major degradation mode of direct methanol fuel cells with phosphoric acid based electrolytes[END_REF] 

Figure 5 :

 5 Figure 5: Schematic diagram of Solid oxide fuel cell[START_REF] Singhal | Solid Oxide Fuel Cells[END_REF] 

Figure 10 :

 10 Figure 10: O2/CO2 Recycle process[START_REF] Taimoor | Carbon Capture Systems, Carbon Capture and Sequestration[END_REF] 
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 11241 Figure 11: Three methods to separate gases

Figure 15 :

 15 Figure 15: Different type of fluid flow mechanism in porous media

Figure 16 :

 16 Figure 16: Linear flow model

  of an inlet (outlet 1). As the fluid enters into the channel through an inlet, some amount of the fluid flows through the porous media and the rest continues into the channel and flows out through the main outlet (outlet 1). The porous flow is also called through flow and it remains perpendicular to the main flow or tangential flow. Here, permeation depends upon various factors such as Reynold's no, pressure drop, boundary layer and the number of fluid.

Figure 17 :Figure 18 :

 1718 Figure 17: Direction of porous flow in a) porous disk and b) porous tube

Figure 19 :

 19 Figure 19: Classification of permeability determination methods

  is based ISO 4022 Permeable sintered metal materials-Determination of fluid permeability norm revised in 1987. The transient behavior in a porous media is described by Navier-Stokes equation whereas Brinkman's equation below is used to describe the macroscopic fluid flow in large range flow regimes [93]: is the pressure drop through the porous medium, L is the external mean sample thickness, µ is the fluid viscosity, V is the superficial velocity, ρ is the inlet density (with respect to inlet pressure), KD and KF are the Darcy's and Forchheimer's terms. The right term of Eq. (1.37) is composed of two parts, one related to the Darcy's law for low velocity regime filtration (Darcian flows) and the quadratic one is related to the Stokes's law (non-Darcian flows) which takes into account the inertial effects related with flow resistance.

Figure 20 :

 20 Figure 20: Schematic diagram of time lag method [146].

  found that permeability changes as a function of membrane thickness for two reasons. First is the presence of boundary layers or interfacial resistances. Second is the variation of permeability throughout the membrane[START_REF] Hwang | Effect of thickness on permeability[END_REF]. Petropoulos et al.(1986) stated that the boundary layer correction can affect the highest permeability value by 12%[START_REF] Hopfenberg | Boundary layer effects on membrane permeation rates[END_REF].[START_REF] Khatinzadeh | Effects of permeate pressure and feed flow rate on benzene dehydration by pervaporation[END_REF] investigated the effect of the boundary layer development on selectivity and permeation flux in case of a porous disk. They found that an increase in the flow rates remarkably decreases the boundary layer thickness which leads to an increase in the permeation flux while enhancing the membrane selectivity[START_REF] Khatinzadeh | Effects of permeate pressure and feed flow rate on benzene dehydration by pervaporation[END_REF]. There are very limited literature studies but they clearly suggest that the permeation is impacted by the development or the presence of a boundary layer. This can help in connecting the main flow and the porous flow and give a new dimension to the study concerning the fluid flow in a porous media especially in case of a porous tube.

  developed an analytical model by considering the radial form of Darcy's law for higher accuracy in radial flows and by eliminating previous shortcomings. They have proposed an important dimensionless equation for evaluating the pressure at the centre of the porous tube along the axial direction considering permeate flow which is as follows: 𝑧 * ) = 𝑃 𝑒𝑥𝑡 * -32 𝑅𝑒𝑓𝑆 * 𝑠𝑖𝑛ℎ(𝑆 * 𝑧 * ) + (𝑃 𝑒 * -𝑃 𝑒𝑥𝑡 * )cosh (𝑆 * 𝑧 * ) (1.44) Where, 𝑆 * 2 = 16𝐷𝑎 [𝑓 2 ln (𝑙 * )] ⁄ , f =R/L the aspect ratio of the membrane, 𝑧 * = 𝑧/𝐿 axial location, 𝑙 * = 𝑅 𝑒𝑥𝑡 /𝑅 the outer radius of the membrane, 𝑉 𝑟 * = 𝑉 𝑟 /𝑉 𝑎𝑣𝑒 the radial velocity, 𝐷𝑎 = 𝐾 𝐷 /𝑅 2 the Darcy number, 𝑅𝑒 = 2𝜌𝑉𝑅/µ is the Reynold's number and 𝑃 * = 𝑃/𝜌𝑉 2 the normalized pressure.

  is the number of chemical species, xi and xj are the mole fractions of two species, µi and µj are the viscosities of two species at the specified temperature and pressure, MMi and MMj are the molecular mass of the two species. This equation is verified by Kestin et al. for seven different binary gas mixtures of N2 and CO2 [178]. The equation (Eq. 1.57) is validated for different N2/CO2 mixture concentrations and the obtained results are compared with the results of Kestin et al. (in section III.4.2).

  perméabilité d'un matériau est principalement déterminée par des expériences utilisant un échantillon de disque en laboratoire, avec un débit perpendiculaire au disque. L'écoulement à travers le milieu poreux est mesuré pour déterminer la perméabilité du matériau. Néanmoins, lors de l'utilisation de valeurs mesurées expérimentalement pour simuler numériquement des configurations d'ingénierie réalistes, un désaccord majeur est trouvé concernant l'estimation du débit traversant. Ainsi, plusieurs hypothèses sont possibles, parmi lesquelles: l'hétérogénéité thermique dans le système et en particulier dans le matériau poreux, l'hétérogénéité matérielle à l'échelle macroscopique et l'estimation des propriétés du milieu poreux. Puisque la configuration du laboratoire (le disque poreux est inséré dans un tube qui impose à tout le fluide de circuler à travers le milieu poreux) n'est pas exactement semblable à la réalité, un travail dédié semble nécessaire. Dans ce chapitre, deux bancs expérimentaux différents sont utilisés. Premièrement, deux disques métalliques poreux de porosité et de perméabilité différentes (désignés par SS3 et SS20) sont utilisés et, deuxièmement, un tube composite de carbone poreux est considéré. Si la première configuration est largement vue en laboratoire, la seconde se retrouve dans de nombreuses applications industrielles (pile à combustible, séparation de gaz, production d'hydrogène, production de méthane et raffinage de carburants, etc.) où se produisent des écoulements tangentiels à la surface poreuse. Le flux de fluide se développe le long du tube et le flux traversant dépend de la longueur du tube, de la nature du fluide, de la pression, de la température et du débit massique. Ainsi, il est nécessaire d'étudier l'effet d'un exutoire secondaire sur les différents types de perméabilités (Darcian et Forchheimer), la méthode de détermination et les facteurs affectant les perméabilités avant l'étude de la sélectivité. Dans ce chapitre, les résultats et l'analyse de la présence d'un exutoire secondaire sur la perméabilité d'un matériau en forme d'un disque et en forme de tube sont présentés.

  fluids at different pressure and temperature, are determined for different types of metals and composite samples with one inlet and one outlet configuration[START_REF] Gascoin | High temperature and pressure reactive flows through porous media[END_REF] [START_REF] Fau | Fuel pyrolysis through porous media: Coke formation and coupled effect on permeability[END_REF].Similar experimental setup has been used by several authors to determine the permeability of disk and bar type specimens[START_REF] Ilias | Preparation and characterization of composite membrane for high temperature gas separation[END_REF] [183] [184]. Ilias et al. (1998) studied the permeability and selectivity of hydrogen through a palladium membrane at high temperature and low pressure [182]. Gao et al. (2005) investigated the hydrogen permeability on porous stainless steel (PSS) disks coated with a mesoporous palladium impregnated zirconia intermediate layer [183]. Papaioannou et al. (2015) evaluated carbon dioxide permeability for sintered supports

Figure 24 :

 24 Figure 24: Schematic overview of the permeation experimental setup.

Figure 25 :

 25 Figure 25: Stainless steel porous medium: Fe (62 wt.%), Cr (18 wt.%), Ni (11 wt.%) C (7 wt.%), O (1 wt.%) and Si (1 wt.%).

Figure 26 :

 26 Figure 26: Determination of Darcian's and Forchheimer's permeabilities by pacing mass flowmeter (MFM) at inlet and outlet.

  in section I.3.3.1) for the both studied stainless steel porous media which are illustrated in Fig 27. Using the results plotted in above Fig. 27, the intercept of the different lines on Y axis will give the KD coefficients and their slopes lead to KF coefficients.

Figure 27 :

 27 Figure 27: Determination of Darcian's and Forchheimer's permeabilities for (a) SS3 and (b) SS20.

d

  is grain diameter. Let us notice that the grain diameter of the SS3 sample is measured in a previous work[START_REF] Gascoin | High temperature and pressure reactive flows through porous media[END_REF]) computed from a correlation between class and grain diameter deduced from the literature data.
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 286 Figure 28: Permeation contributions plotted as a function of the estimated pore Reynolds number for a) SS3 and b) SS20.

  Fig.29and 30 illustrate respectively a schematic overview and a photograph of the developed permeation experimental setup. The obtained results for 50% and 100% opening of secondary outlet are compared with the one inlet and one pressure which is not sufficient to push the mass flowrate through the porous media. It results in a very small pressure drop across the porous media and hence the fluid cannot flow through it (see Fig.31). The fluid takes the easiest path and escapes through the secondary outlet. The pressure drop remains unaffected for the 0% and 50% case. Therefore the higher inlet mass flowrates are considered to determine the permeability of the materials for different openings of the secondary outlet.

Figure 31 :

 31 Figure 31: Pressure drop across the porous media for different inlet mass flow rate.

Figure 32 :

 32 Figure 32: Determination of Darcian's and Forchheimer's permeabilities for different opening of secondary outlet a) SS3 and b) SS20.
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 63334 Figure 33: Permeation contributions plotted as a function of the estimated pore Reynolds number for class 3 (a and b) and class 20 (c and d) for different openings of secondary outlet.

Darcy's and

  Forchheimer's permeabilities of C/SiC porous composite tube by taking two outlets into account. Operating parameters (temperature, pressure and mass flow rate) are measured for three different configurations: i) secondary outlet (S.O) is 0% open ii) S.O is 50% open and iii) S.O is 100% open.

Four sensors to monitor

  transient variations of mass flowrates, pressure and temperature are connected to a data acquisition system (Keithley 2700, 1 Hz, 16 bits and 48 channels). The mass flowmeter with a range of 0 to 3 g/s is placed at the inlet in order to measure mass flowrate of fluid entering into the porous media. An additional Low flow-Brooks glass tube variable area flowmeter is used at S.O to estimate the through flowrate of P.O by subtracting the S.O flowrate from the inlet one. This Brooks flowmeter is calibrated for maximum flow of 25 mg/s for the nitrogen. Pressure transducer with a range of 0 to 60 bar is placed at inlet side after the mass flowmeter in order to measure the pressure of fluid (Pinlet) whereas both outlets (P.O and S.O) are kept at atmospheric pressure (1 bar).

Figure 36 :

 36 Figure 36: Photograph of the permeation test bench.

Figure 37 :

 37 Figure 37: A schematic overview of the C/SiC porous composite tube.

  . 38 presents these experimental evolutions for three different S.O openings (0%, 50% and 100%).

Figure 38 :

 38 Figure 38: Evolutions of pressure loss in terms of a) ρV/µ and b) inlet fluid velocity.

5×10 7

 7 Pa.m -1 there is no much change in inlet fluid velocity which shows the existence of the turbulent regime expressed by the Forchheimer term.

Figure 39 :

 39 Figure 39: Step wise permeation images with respect to change in pressure and mass flowrate.

Figure 40 :

 40 Figure 40: Permeation profile of the composite tube for 0% open case.

Figure 41 :

 41 Figure 41: Permeation contributions plotted versus pore Reynolds number for secondary outlet a) 0%, b) 50% and c) 100% open.

  After performing the tests for different S.O openings, it has been observed that there isn't much change in Forchheimer's permeability but there is a slight increase in the Darcian's one as the S.O opening increases. In order to understand this more clearly, pore Reynolds number is estimated and Darcian's and Forchheimer's contributions are plotted with respect to the Reynolds number. It shows that the Darcian's contribution decreases whereas the Forchheimer's contribution remains more or less the same as the S.O opening increases. These slight variations are mostly related to the experimental accuracies and further studies are necessary to conclude on the best way to use the Brinkman equation in case of tangential permeation on a long tube, first under ambient temperature conditions and then in presence of temperature gradients. These experimental values obtained under realistic test conditions (2 outlets) are in agreement with the existing data obtained under lab test conditions (1 outlet). It seen through bubble experiments that the permeation is not constant along the length. It varies with the increase or decrease inlet mass flow rate or inlet pressure specifically. It is important to study the fluid flow step by step along the length of the porous channel, in order to understand the physics or the mechanism driving permeation process in case of a porous tube. The study of the fluid flow along the porous channel will also help us to understand the factors affecting permeate flow and main flow. The results presented in this chapter have already been presented and published in different conferences and in an international journal[93][190] [191] [START_REF] Najmi | Flow Configuration Influence on Darcian and Forchheimer Permeabilities Determination[END_REF].

Figure 42 :

 42 Figure 42: Examples of flow configurations (main flow and through-flow) in ideal cases (a) and in common industrial cases (b).

Figure 43 :

 43 Figure 43: A photograph of developed permselectivity test bench.

Figure 45 :

 45 Figure 45: 3D Model and a photograph of porous stainless steel tube used in the experimental study.

  It means the permeating fluid from the primary outlet can flow axially inside the hollow tube and can exit through any of the sampling hole. Which further can affect the measurement of the mass flowrate from each sampling hole. Hence it will difficult to get the clear picture regarding main flow and porous flow.

Figure 46 :

 46 Figure 46: Primary design of permeation cell a) Cap and hollow tube assembly and b)

Figure 47 :Figure 49 :

 4749 Figure 47: 3D model of permeation cell assembly

For the developed test

  bench, two different types of mass flow controllers and three Coriolis mass flow meters are used. The flow controllers are used at the inlet side to control the flow of the feed gas. The first controller is the thermal flow controller manufactured by Bronkhorst High-Tech BV (type F-001AV-LFU-22-V). This controller can be used for Nitrogen, Carbon dioxide and Methane. The thermal flow controller can handle only one fluid at a time. The operating range for Nitrogen and Carbon dioxide is 0.06 to 3 g.s -1 whereas for Methane the flow rate range is 0.04 to 2 g.s -1 .

  18 Pumps) manufactured by KnF LAB. Series N 86 diaphragm pumps are single-head, dry-running devices. They transfer, compress and pump down without contamination. The delivery rate of the pump is 6 l/min with ultimate vacuum pressure of 100 mbar whereas the operating pressure is 2.4 bar and temperature is 5 to 40 °C. It is connected to the bench using 1/4'" Swagelok connection.

LabVIEW) for the

  control and monitoring of the sensors as well as for the acquisition of the signals generated by the different measuring instruments. The control and acquisition unit used to perform the experimental study is based on a communication technology developed by NI. The PCI extensions for Instrumentation (PXI), enables the communication of the control and measurement instruments with the motherboard. It consists of three elements: 1. "chassis" NI PXIe-1073 2. NI PXI-6229 acquisition card 3. NI PXIe-4353 thermocouple acquisition card

Figure 53 :

 53 Figure 53: Additional components of the permselectivity test bench.

  Digitizing the signals • Analysing, presenting and saving the data The program consists of different types of VIs. The function of VI is to acquire the data from the sensors and feed it to the DAQ for post processing. All the objects present in the block diagram (such as VI, indicator, control, DAQ and many others) are connected to each other using a wire tool. This is like a path which allows the flow of data from one part to another. The path should always be complete otherwise it can result in errors and the flow of the data can be hindered. The flow of different types of data is represented in different colours whereas the same type of data is represented in the same colour.The first DAQ assistant is used to govern the opening and the closing of the pneumatic valves. The signal is sent by the user by clicking on the LED push button which transforms the click into an appropriate binary digit number '0 or 1' depending upon the operation. The digital signal is fed to the DAQ which transforms it and sends the appropriate signal (current or voltage) to the actuator depending upon the input signal.The second DAQ assistant is used to acquire the signals from the thermocouples. The input signals are obtained using NI PXIe-4353 card positioned in the slot 2 of "chassis" NI PXIe-1073 (see section III.2.2.7). The DAQ is further connected to the two indicators which display the measured temperature in the form of graphical and numerical value in the front panel (will be described later). The DAQ assistant also helps user to define the frequency at which the signal should be recorded or acquired.The third and the final DAQ assistant is used for the pressure transducer. The DAQ receives the signal in the form of a voltage from NI PXI-6229 acquisition card and converts it into a pressure value using mathematical operation.For the data acquisition from all the mass flow meters, the drivers provided by the Bronkhorst High-Tech B.V. are used. These drivers are compatible with LabVIEW programme and can be used directly without any modification or change."Write to Measurement File" function in the File I/O palette in LabVIEW is used for writing data to text files. The data coming from all the mass flow meters and DAQ assistant 2 and 3 is sent to "Write to Measurement File" where it is stored in the appropriate format as defined by the user.In order to have a "continuous" acquisition, all the DAQ assistants and drivers are placed inside a while loop. The user can define the various properties of the loop such as the times at which the loop should repeat and terminate.At the beginning of the programme there is no error in the loop. After the execution of the programme the error may generate while receiving the data from different sensors. Each VI is equipped with two channels 'error in' and 'error out'. Error generated can be displayed using the indicator. It helps the user to identify the problem in case anything goes wrong. The error is stored in the error box after which the user can decide whether to continue or to stop. The block diagram and the front panel of the application "Reactor Control" is shown in Fig.54and 55.

Figure 55 : 2 .

 552 Figure 55: Front panel of the application "Reactor Control".

4 .

 4 One indicator to display the pressure at different points of the system is placed in the top right corner. It gives the information of pressure graphically as well as numerically in the panel attached to the plot indicator.

5 .

 5 One indicator to display the temperature at various entry and exit points is placed at the bottom right corner. The numerical values of the measured temperature are displayed in the indicator attached next to the temperature plot. 6. Five graphical or plot indicators that are positioned at the bottom of the front panel, give the information of the mass flow rate variation in controllers as well as mass flow meters during the experiments.

Figure 56 :

 56 Figure 56: Block Diagram of the application "Fluid Flow Control".

Figure 57 :

 57 Figure 57: Front panel of the application "Fluid Flow Control".

Figure 58 :

 58 Figure 58: Uncertainty in mass flowmeter. Similarly the remaining two mass flowmeters are also tested for the uncertainty in the measurements. The results obtained are similar to Fig. 58. It can be concluded from the obtained results, in order to have less uncertainty in the measurements, the mass flow rate

Figure 59 :

 59 Figure 59: Inlet viscosity of the N2 and CO2 mixture at different pressures for 3 different compositions.

  Knudsen number is determined to characterize the main flow inside the porous tube and the N2 and CO2 composition distribution profile is estimated. Les résultats expérimentaux pour chaque test sont présentés dans ce chapitre. Ils sont divisés en deux parties. Dans la première partie, les effets des gaz simples (Azote, Carbone, Méthane et Hélium), des débits et des pressions d'alimentation sur la perméation et la sélectivité idéale tout au long d'un tube poreux en acier inoxydable sont étudiés et analysés. De plus, les variations des paramètres du fluide (densité, viscosité et température) tout au long de la longueur du tube ont également été étudiées. Dans la deuxième partie, trois compositions volumétriques différentes (50/50%, 60/40% et 70/30%) de mélange binaire CO2 / N2 sont utilisées. La perméabilité et la sélectivité du mélange gazeux sont déterminées pour quatre cas différents dans chaque composition. Ensuite, la perméabilité aux gaz unique et la perméabilité aux gaz mélangés ainsi que la sélectivité idéale et la sélectivité des gaz mélangés sont comparées. Plus tard, les effets de divers paramètres sur l'efficacité de séparation de gaz du matériau poreux sont étudiés. Le nombre de Knudsen est déterminé pour caractériser le flux principal à l'intérieur du tube poreux et le profil de distribution de la composition en N2 et CO2 est estimé.

Figure 60 :

 60 Figure 60: Variation in primary outlet (1 st and 2 nd half) mass flowrate and secondary outlet with inlet mass flow rate.

Figure 62 :

 62 Figure 62: Pore Reynold's number along the length of the porous tube.

Figure 64 :

 64 Figure 64: Percentage of flow through porous media along the length of the porous tube.

First

  

Figure 66 :

 66 Figure 66: Computed primary outlet mass flowrates along the length of the porous tube.

Figure 68 :

 68 Figure 68: Pressure calculated inside the porous tube using radial form of Darcy's equation.

Figure 69 :

 69 Figure 69: Schematic diagram showing the position of various sensors in a porous tube configuration.

Figure 70 :

 70 Figure 70: Schematic diagram showing the position of various sensors in a non-porous tube configuration.

  even though there is a change in diameter of the tube in case of non-porous tube. Hence it confirms that the pressure measured at Pout is more or less equal to pressure at Poutlet tube even in case of porous tube. Because the amount of the main flow coming out at 'Pout' position will be less compared to the inlet mass flow rate due to continuous filtration. As the mass flow is reduced, the change in diameter won't affect the pressure.

Figure 71 :

 71 Figure 71: Calculated pressure along axial direction (z-axis).

Figure 72 :

 72 Figure 72: Variation in Reynolds number in axial direction for different inlet mass flowrate.

Figure 73 :

 73 Figure 73: Applicability position of Eq. 1.34 and Eq. 1.44 in the porous tube.

  such a continuous open configuration of the flow, as studied in the present work.

Figure 74 :

 74 Figure 74: Increase of the permeate flow along the tube when expressed in relative weight compared to the main flow.

Figure 75 :

 75 Figure 75: Evolution of viscous sublayer thickness along the length of the porous tube.

  that increase in viscous sublayer thickness results in increase in the flow through the porous media. The increase in viscous sublayer thickness result an increases in the amount of streamlined flow flowing inside the sublayer. As the flow inside the sublayer is dominant by viscous forces, it remain unaffected by the pressure drop occurring at the centre of the tube along the length. This results in the increase of the permeate flow along the length of the porous tube for a given inlet mass flowrate (Fig 76).

Figure 76 :

 76 Figure 76: Evolution of primary flow with the development of the viscous sublayer.

Figure 77 :

 77 Figure 77: Evolution of viscous sublayer thickness with respect to momentum in axial direction.

Figure 78 :

 78 Figure 78: Ratio of momentum with respect to the evolution of viscous sublayer thickness.

Fig. 79

 79 Fig. 79 shows the evolution of momentum ratio along the length of the porous tube. The momentum ratio decreases along the length due to decrease in main flow momentum in axial direction.

Figure 79 :

 79 Figure 79: Ratio of momentum with respect to the length of the porous tube for 4 different cases studied.

Figure 80 :

 80 Figure 80: Evolution of Reynold's number in radial direction along the tube for inlet mass flowrate of (a) 1g/s and (b) 2.50 g/s.

Fig. 81

 81 Fig. 81 represents the evolution of the Reynold's number in the radial direction at various length along the tube. It also shows that the Reynold's number at the wall of a stationary pipe is always zero because the flow speed is zero (no-slip condition). It can be seen that the Reynold's No. at the centre of the tube decreases as the fluid moves towards the secondary outlet. This results in an increase in permeation through porous media from the second half of the tube.

Figure 81 :

 81 Figure 81: Evolution of Reynold's number in radial direction in each cell.

Figure 87 :

 87 Figure 87: Evolution of viscous sublayer with respect to momentum in axial direction.

Figure 88 :

 88 Figure 88: Ratio of momentum with respect to evolution of viscous sublayer thickness.

Figure 90 :

 90 Figure 90: Temperature profile along the length of the porous tube

Figure 91 :

 91 Figure 91: Prandtl's number along the length of the porous tube.

Figure 92 :

 92 Figure 92: Percentage of primary outlet flow and temperature profile along the axial direction for low inlet mass flow rate.

Figure 93 :

 93 Figure 93: Evolution of Reynold's number in radial direction along the tube for inlet mass flowrate of (a) 1g/s and (b) 2.50 g/s.for CO2.

Figure 94 :

 94 Figure 94: Evolution of Reynold's number in radial direction in each cell for CO2.

Figure 99 :

 99 Figure 99: Evolution of selectivity (ҎN2/ҎCO2) along the length of the porous tube for all cases.

Figure 100 :

 100 Figure 100: Evolution of permeate flowrate of N2 and CO2 along the length of the porous tube.

Viscosity

  to secondary outlet) (bar) CH4 > He > N2 > CO2 Pressure (inside the tube) (bar) He > CH4 > N2 > CO2 Density in tube (kg/m 3 ) CO2 > N2 > CH4 > He Density of porous mass flow at primary outlets (kg/m 3 ) CO2 > N2 > CH4 > He direction, Mz (kg/m•s 2 ) He > CH4 > N2 > CO2 Momentum in radial direction, Mr (kg/m•s 2 ) He > CH4 > N2 > CO2 Axial velocity or Main flow velocity (Vz) (m/s) He > CH4 > N2 > CO2 Gas permeability (m 3 (STP)•m/m 2 •s•Pa) CH4 > He > CO2 > N2

Figure 103 :

 103 Figure 103: Evolution of viscous sublayer along the axial direction for different gases.

Figure 104 :

 104 Figure 104: Momentum of gas particles in radial direction (Mr) for different gases.

Figure 105 :

 105 Figure 105: Velocity profile along the axial direction for different gases.

Figure 106 :

 106 Figure 106: Effects of total pressure (case 1 to 4), of partial pressure (composition of 50/50%, 60/40% and 70/30% of CO2/N2 mixture) and of spatial distribution on gas permeability.

Figure 107 :

 107 Figure 107: Average gas permeability (a), and partial pressure (b) variation with respect to total inlet pressure for different inlet composition of N2 and CO2
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Figure 109 :

 109 Figure 109: Distribution profiles of N2 and CO2 volumetric concentrations inside the porous tube along its length for 3 different inlet compositions (50/50%, 60/40% and 70/30%).
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Figure 110 :

 110 Figure 110: Momentum of N2 and CO2 inside the porous tube along its length for all the cases of the 3 different inlet compositions (50/50%, 60/40% and 70/30%).

Figure 111 :

 111 Figure 111: Effect of boundary layer on the separation selectivity (ҎN2/ҎCO2) distribution along the length of the porous tube for 3 different inlet compositions (50/50%, 60/40% and 70/30%).

  Analytical method is developed to compute the exact mass flow rate from each primary outlet. It has been verified with mass balance (conservation of mass). The obtained results indicate the flow distribution at the primary and secondary outlets. The mass flow rate at each primary outlet is also determined. The fluid flow behavior through the porous media along the length of the porous tube can be explained by the development of boundary layer. The main flow and porous flow are interconnected. The filtration has significant effect on pressure drop inside the tube even if the inlet is kept at a constant pressure and a constant inlet mass flow. It is found that the traditional flow equations are not sufficient to describe fluid flow inside the porous tube. The common point of interaction between the porous flow and the main flow is the boundary layer. For the correct assessment of pressure drop inside the main flow, main flow as well as porous flow should be considered.

  depending on the little thermal changes (for what the chemical nature of the compounds can be responsible). Hence the selectivity (ҎN2/ҎCO2) increases. This open continuous porous configuration of a test thus demonstrates that the gases can be separated taking advantage of the change in their viscosity and density.Similarly fluid flow analysis is performed using Methane and Helium and various fluid properties are determined using measured experimental data. The comparisons have been made between all the studied gases. This allowed us to identify the factors affecting permeation process across the porous channel. Which are velocity of the main flow, Vz (i.e. axial flow), momentum in the main flow, Mz (i.e. in axial direction), momentum in radial direction, Mr, Density, ρ and viscosity, µ. When there is a change in temperature is involved thermal boundary layer should also be considered.

L 2 .

 2 'utilisation de la pile à combustible à bord des avions pourrait être utile dans les années à venir pour la production locale d'énergie. La pile à combustible à oxyde solide (SOFC), par exemple, pourrait être utilisée, surtout si des espèces comme l'hydrogène et les hydrocarbures légers sont disponibles à bord. En attendant, le carburant liquide (stocké pour l'application propulsive) peut rencontrer une température élevée qui le pyrolyse et qui produit des espèces légères. Plus la teneur en H2 ou en hydrocarbures légers est élevée, plus la durée de vie de la pile à combustible est longue. Cependant, l'utilisation de carburant lourd diminuerait la durée de vie de la pile à combustible. Ainsi, une séparation des espèces légères / lourdes est requise.Pour ce faire, la porosité des matériaux composites utilisés à bord peut être utilisée pour séparer les espèces légères des espèces lourdes et ainsi augmenter la concentration en H2 ou en hydrocarbures légers par procédé de filtration. L'efficacité de séparation des matériaux est caractérisée par la perméance et la sélectivité. Ces deux facteurs sont déterminés expérimentalement en utilisant différents types de configurations expérimentales telles qu'un échantillon d'un matériau en forme d'un disque et un tube. Pour améliorer les caractéristiques de séparation des gaz du matériau poreux existant, différentes techniques sont utilisées. Dans lequel des revêtements membranaires spéciaux sont produits et placés sur le matériau poreux qui est assez complexe et la séparation est régie par différents phénomènes tels que la condensation capillaire et les mécanismes de tamisage moléculaire qui aboutissent à une séparation très lente. Dans le domaine de la filtration aérospatiale et continue, ces techniques ne peuvent être appliquées en raison de leur mécanisme de séparation lent et de leur fabrication complexe. Par conséquent, il est nécessaire de développer une nouvelle technique pratique de séparation. Le but du présent travail de recherche est d'étudier la séparation des gaz en utilisant un tube poreux et la variation des propriétés des fluides telles que la densité, la viscosité, le nombre de Reynold et bien d'autres. Dans le premier chapitre, différents types de piles à combustible et leurs limitations sont étudiés. Le défaut le plus commun dans toutes les piles à combustible est le stockage et la disponibilité de l'hydrogène de la source propre. Le carburant pyrolysé pendant le refroidissement par transpiration peut être une source propre de production d'hydrogène à bord des avions. Les différentes méthodes utilisées dans l'industrie pour la production d'hydrogène produisent également des gaz indésirables (par exemple CO2, CO) et doivent être séparées avant d'être utilisées dans des piles à combustible. Dans la littérature, Il existe de nombreuses méthodes pour séparer les gaz parmi lesquelles la séparation à l'aide d'une membrane est considérée comme la plus simple. L'efficacité de séparation du matériau poreux dépend de la sélectivité et de la perméance, tandis que la dernière dépend de la perméabilité du matériau. Par conséquent, les méthodes pour déterminer la perméabilité et les méthodes fondamentales décrivant l'écoulement à l'intérieur des milieux poreux sont étudiées, à savoir le flux de Darcy et de non-Darcy. La forme géométrique (disque ou tube) affectant la perméabilité est également discutée. Enfin, la détermination de diverses propriétés physiques du fluide (telles que la densité, la vitesse et la viscosité) pour les gaz purs et les mélanges sont présentés. Dans le deuxième chapitre, l'effet de la forme géométrique du matériau (disque ou tube) sur la détermination de la perméabilité est étudié. Ce travail est divisé en deux parties pour lesquelles deux bancs expérimentaux différents sont développés et utilisés. Dans le premier, différents types de disques ayant une porosité et une perméabilité différente sont étudiés en considérant plusieurs types d'ouverture de la sortie secondaire. Dans la deuxième partie, le tube composite poreux est utilisé et l'effet de différentes ouvertures de sortie secondaire sur la perméabilité par deux méthodes de détermination différentes est étudié. Dans l'étude de disque, la perméabilité de Darcy n'est pas affectée par l'ouverture et la fermeture de la sortie secondaire. Alors que dans le cas du tube, une légère augmentation de la perméabilité de Darcy est enregistrée. En outre, il est également découvert à travers l'expérience des bulles de savons que la perméation n'est pas constante le long de la longueur du tube. Dans le troisième chapitre, en prenant les données de l'étude précédente (chapitre 2) et de l'étude de la littérature, un banc d'essai innovant de perméance et de séléctivité est conçu et développé. Le but du banc développé est de déterminer l'évolution spatiale des espèces le long du tube poreux. Pour ce faire, les cellules de perméation sont conçues avec des caractéristiques spécifiques. La conception des cellules est d'abord validée à l'aide du logiciel de modélisation 3D CatiaV5 et fabriquée ultérieurement. En outre, une méthode analytique est développée pour déterminer le débit massique précis de chaque cellule. Le bon fonctionnement du banc d'essai et la validation de la méthode développée sont effectués en effectuant une série de tests. Dans le quatrième chapitre, les résultats obtenus en utilisant le banc de « permselectivité » sont présentés et analysés pour des gaz simples et un mélange de gaz. Le profil de perméation d'un gaz est déterminé sur la longueur d'un tube (acier inoxydable poreux) à l'aide de cellules de perméation isolées (mesure discontinue sur 8 points le long de la longueur d'un mètre) et de facteurs de perméation. Au début, des expériences sont effectuées en utilisant l'azote pour vérifier la fiabilité du banc. On observe que le débit récupéré est de 100% pour des débits massiques d'entrée plus élevés (entrée MFR≥1,00 g/s) alors que pour 0,25 g/s et 0,5 g/s la récupération du flux est d'environ 80% et 90% respectivement. Par conséquent, dans la dernière partie de l'étude, le débit massique d'entrée inférieur à 0,5 g/s n'est pas pris en compte. L'effet de différents débits d'entrée et de la pression d'alimentation sur la perméation du tube est étudié. La pression est l'un des paramètres les plus importants pour l'analyse de l'écoulement des fluides. Par conséquent, la détermination correcte de la pression à l'intérieur du flux principal est nécessaire. Pour atteindre cet objectif, la pression le long de la direction axiale est déterminée en utilisant des différents équations d'écoulement de fluide d'abord en considérant l'écoulement principal et en second lieu en considérant l'écoulement poreux. Les résultats obtenus confirment qu'aucune des équations d'écoulement traditionnelles ne peut décrire le profil de pression à l'intérieur du flux principal. Afin d'avoir une meilleure compréhension de l'écoulement du fluide, une autre configuration est conçue en utilisant un tube non poreux de la même dimension géométrique que le tube poreux. Des séries d'expériences sont effectuées pour valider un tube non poreux pour l'étude des tubes poreux. La pression à l'intérieur du flux principal est déterminée en utilisant une équation de pression normalisée qui s'adapte très bien aux données de pression mesurées. La pression d'entrée requise pour cette équation est déterminée à l'aide d'un tube non poreux validé précédemment.La légère variation de la valeur de pression estimée est due au régime d'écoulement. On constate que le débit de sortie primaire augmente tout au long de la longueur du tube lorsqu'il est exprimé en termes de débit principal d'entrée par rapport à la position axiale.Le travail expérimental est principalement divisé en deux parties : étude de gaz unique et étude de mélange binaire. Dans la première étude, l'analyse de l'écoulement des fluides est réalisée en utilisant des gaz purs tels que l'azote, le dioxyde de carbone, le méthane et l'hélium.Le but de cette étude est de déterminer la perméance et la sélectivité idéale d'un tube en acier inoxydable poreux tout au long de la longueur pour analyser le comportement spatial de ce processus de filtration continu. Les effets de différents débits d'entrée et pressions d'alimentation sont étudiés et analysés par rapport au développement de la couche limite. On constate que la perméation est entraînée par l'épaisseur de la sous-couche visqueuse le long de la longueur dans le cas d'un tube en acier inoxydable poreux. D'autres paramètres sont également identifiés et devraient être pris en compte lors de l'étude de la perméation dans un tube poreux en plus de la couche limite. Ces paramètres sont la vitesse du flux principal, Vz (flux axial), la quantité de mouvement dans le flux principal, Mz (c'est-à-dire dans la direction axiale), la quantité de mouvement dans la direction radiale, Mr, masse volumique, ρ et viscosité, μ. Lorsqu'il y a un changement de température, la couche limite thermique doit également être prise en compte. En outre, une nouvelle équation de perméabilité aux gaz est développée en incluant la perméabilité de Darcy, ce qui simplifie le processus de détermination de la perméabilité aux gaz. Les gaz peuvent être séparés par le changement de densité et de viscosité. Par conséquent, différentes caractéristiques d'écoulement telles que le nombre de Reynolds, la vitesse linéaire et radiale doivent être notées pour chaque composé. Ainsi, ces propriétés peuvent être utilisées pour séparer les deux gaz présents dans un mélange binaire. Dans la seconde partie de l'étude expérimentale, trois compositions volumétriques différentes (50/50%, 60% 40% et 70/30%) du mélange binaire CO2/N2 sont utilisées. La perméabilité et la sélectivité du gaz mélangé sont déterminées pour quatre cas différents dans chaque composition. Ensuite, la perméabilité au gaz unique et la perméabilité au gaz mélangé ainsi que la sélectivité idéale et la sélectivité du mélange gazeux sont comparées. La sélectivité idéale et la sélectivité de séparation ont été trouvées différentes; qui illustre un effet de matrice du mélange pour lequel les différentes viscosités des deux espèces entrent en compétition les unes avec les autres et influencent le processus de filtration des autres espèces. La sélectivité idéale et la sélectivité de séparation diminuent avec une augmentation de la concentration de CO2 qui montre que les principaux composés jouent le rôle principal. Le nombre de Knudsen est déterminé pour caractériser le flux principal à l'intérieur du tube poreux pour tous les cas. Il est toujours très inférieur à 0,01 (de l'ordre de 10 -9 ). Cela signifie que le régime d'écoulement est continu et qu'il y a un échange fréquent de quantité de mouvement et d'énergie à travers les collisions de particules. Le profil de distribution de la composition de N2 et de CO2 est déterminé, ce qui suggère que la concentration de N2 augmente de l'entrée à la sortie du tube. Cela confirme qu'une telle configuration peut être utilisée pour une séparation de gaz dans laquelle la densité, la viscosité et la température varient le long de la longueur du canal (tube) en raison d'une diminution de la pression sur la longueur du tube. Ceci a un effet significatif sur la perméance et sur la sélectivité des gaz. En ce qui concerne la perspective future, certains travaux peuvent encore être réalisés pour développer cette technique de filtration en une méthode nouvelle et reconnue dans le domaine de la séparation des gaz. 1. D'autres études peuvent être réalisées sur des mélanges avec He/CO2 et He/CH4 dans des conditions de fonctionnement élargies pour des mélanges de compositions 50/50 à 01/99 afin de se rapprocher des conditions de fonctionnement réalistes des piles à combustible. Tester d'autres longueurs (plus de 1 m) du tube poreux serait nécessaire pour vérifier si cette tendance linéaire d'augmentation du flux de perméation s'arrête et développer une relation mathématique entre l'épaisseur de la sous-couche visqueuse et le débit sortant des cellules de perméation.

Annexure A. 3 : 5 Annexure A. 6 :

 356 7 -1 × 10 -2 at 300-800°C H2S/(B2S3 or Ga2S3)/(GeS2, SiS2, As2S3 or CsI) 200-500 5 ×10 -11 -4 × 10 -7 at 60-300°C Composition of the different fluid used in the study and physical properties All the gases supplied by Air Liquide comes in 50 litter bottle. The composition of the different gases (Nitrogen, Carbon dioxide, Methane and Helium) used in the experimental study are as follows: Table 30: Composition of the different gases used and there physical properties (at 273 Validation of non-porous tube by changing positions of different pressure transducers

Annexure A. 7 :

 7 Validation of non-porous tube setup using porous tubeA test has been performed by using a porous tube. During this test, all the primary outlets are closed. Indeed, the porous tube behaves like a non-porous tube with only one outlet open i.e. secondary outlet. It means ṁin = ṁout. The measured pressure is almost the same along the length for respective inlet mass flowrate (Table

Figure 114 :

 114 Figure 114: Calculated pressure along axial direction (z-axis) for CH4.

Figure 115 :

 115 Figure 115: Variation in Reynolds number in axial direction for different inlet mass flowrate for CH4.

Figure 121 :

 121 Figure 121: Calculated pressure along axial direction (z-axis) for He.

Figure 122 :

 122 Figure 122: Variation in Reynolds number in axial direction for different inlet mass flowrate for He.

Figure 123 :

 123 Figure 123: Percentage of primary outlet flow along the tube for He.

Figure 124 :

 124 Figure 124: Evolution of viscous sublayer thickness along the length of the porous tube for He.

Fig. 125

 125 Fig. 125 represents the ratio of the momentum with respect the tube length. The fluctuation in 0.50 g/s can be due to coarse accuracy of the sensors. Fig. 126 shows the gas permeability value along the length of the tube. It is determine using Eq. 4.11.

Figure 125 :

 125 Figure 125: Ratio of momentum with respect to the length of the porous tube.

Figure 126 :

 126 Figure 126: Evolution of gas permeability of He along the length of the porous tube
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  De nos jours, différentes sources propres d'énergie existent. Parmi elles, la technologie des piles à combustible semble très prometteuse. La pile à combustible convertit l'énergie chimique directement en énergie électrique sans aucune combustion. Ceci n'entraîne aucune dépendance aux lois thermodynamiques comme l'efficacité de Carnot associée aux moteurs thermiques actuellement utilisés dans la production d'électricité. Il présente également de nombreux autres avantages, tels qu'un fonctionnement sans bruit et un rendement élevé (jusqu'à 60%) par rapport aux autres moteurs à combustion. Généralement, il existe 6 types de piles à combustible différents. Le choix de la pile à combustible dépend de l'application, de la température de la sélectivité 3 et de la perméance4 . Le dernier dépend de la perméabilité du matériau. Par conséquent, il est nécessaire de déterminer la perméabilité du matériau et les facteurs affectant sa valeur afin de mieux étudier l'efficacité de la technique de séparation des gaz.Cette thèse est divisée en quatre chapitres. Le premier chapitre présente tous les types de piles à combustible avec différentes méthodes de production d'hydrogène. Par la suite, la technique de séparation de gaz, les facteurs qui l'affectent et différentes méthodes d'évaluation de la performance de la membrane poreuse seront expliquées. Ce chapitre comprend également les méthodes permettant de déterminer les propriétés physiques du fluide dans le cas d'un gaz unique et d'un mélange de gaz. Le deuxième chapitre présente et analyse les résultats de deux

fonctionnement, du rendement électrique, du catalyseur et de l'électrolyte. La pile à combustible à oxyde solide (SOFC) fait partie des piles à combustible en développement, reconnues pour leurs applications telles que les applications aéronautiques et automobiles. Pour exploiter efficacement la pile à combustible, la disponibilité d'hydrogène à haute pureté est essentielle. La teneur élevée en énergie gravimétrique et l'absence d'émissions de gaz à effet de serre font de l'hydrogène un concurrent unique dans le domaine des combustibles verts. Néanmoins, il n'y a pas de dépôts naturels d'hydrogène. Par conséquent, il doit être produit par diverses méthodes industrielles telles que le reformage du méthane et la gazéification du charbon des combustibles fossiles qui, à son tour, produit également certains gaz comme le CO2. La présence des gaz générés (e.g. CO2, N2, CO) réduit la teneur en énergie de l'hydrogène et réduit ainsi la durée de vie d'une pile à combustible, diminue son efficacité et provoque la corrosion des canalisations. Par conséquent, il est très important d'éliminer les gaz indésirables de l'hydrogène pour assurer une durée de vie efficace et longue des piles à combustible. Dans la littérature, différentes technologies pour la séparation des gaz peuvent être trouvées. Parmi toutes ces méthodes, la perméation sélective à travers un milieu poreux présente l'avantage de présenter un faible coût d'exploitation, un faible impact sur l'environnement, une maintenance aisée et une durée de fonctionnement moindre par rapport aux autres. Le milieu poreux utilisé pour la perméation sélective peut être facilement intégré à la pile à combustible; ceci peut résoudre le problème du stockage de l'hydrogène et entraîner la production et l'utilisation d'hydrogène à bord afin de générer de l'énergie. Différents types de milieux poreux sont disponibles en fonction de l'application. Ils sont classés sur la base de leur structure poreuse, de leur porosité et de leur perméabilité. L'efficacité de la technique de séparation des gaz dépend de bancs d'essai développés pour déterminer avec précision la perméabilité des matériaux à utiliser. Le troisième chapitre présente le banc d'essai innovant utilisant des cellules de perméation isolées développées spécifiquement pour étudier la perméation, la perméance, la sélectivité et les facteurs qui les gouvernent, expérimentalement sur la longueur du tube poreux. Le quatrième chapitre présente les résultats obtenus en utilisant le banc de test de perméance et de sélectivité. Dans ce chapitre, l'analyse de l'écoulement des fluides est effectuée à l'aide de quatre gaz différents (azote, dioxyde de carbone, méthane et hélium). Ensuite, les facteurs affectant le processus de perméation dans un tube poreux sont identifiés. La nouvelle forme d'équation de perméabilité aux gaz est développée et validée. De plus, la perméabilité aux gaz et la sélectivité des gaz purs et trois concentrations différentes de mélange CO2 / N2 (50/50%, 60/40% et 70/30%) sont déterminées. Le résultat obtenu pour le gaz pur et le mélange est comparé et analysé.

Table 1 :

 1 Classification of fuel cell[START_REF]office of energy efficiency & renewable energy (Hydrogen and Fuel cells)[END_REF] 

	Type of fuel cell	Electrolyte	Catalyst	Operating Temperature	Electrical Efficiency
	Proton Exchange Membrane	Solid polymer membrane	Platinum is the most active catalyst	Around 79-93⁰C	40-60%
	Direct Methanol	Solid polymer membrane	Platinum is the most common	Around 52-121⁰C	Up to 40 %
			Can use a		
	Alkaline	Potassium hydroxide solution in water	variety of non-precious metal	Around 107-246⁰C	60-70%
			catalysts		
	Phosphoric Acid	Liquid phosphoric acid aluminium oxide matrix ceramic in a lithium	supported catalyst platinum	177-204⁰C	36-42%
	Molten Carbonate	Typically consists of alkali (Na & K) carbonates retained in a ceramic matrix of LiHO2	lower-cost, non-platinum group catalysts	Around 650⁰C	50-60%
		A solid ceramic, typically	lower-cost,		
	Solid Oxide	yttria-stabilized zirconia	non-platinum	About 980⁰C	50-60%
		(YSZ)	group catalysts		

Table 2 :

 2 Selection of EU funded CO2 capture, compression and storage[START_REF]CO2 Capture and Storage Projects[END_REF] 

	Program	Focus	Size	Completion
			30 Million	
	CO2 Sink	Full-scale underground CO2 storage test site	Euros EU 8.7	
			Million Euros	
	ENCAP CO2: Enhanced Capture of CO2	Pre-combustion technologies for enhanced capture of CO2 in large power plants -90 percent capture rate and 50 percent capture cost reduction	22 Million Euros EU 10.702 Million Euros	
	CACHET: CO2Capture and Hydrogen Production from Gaseous Fuels	Develop technologies to reduce significantly the cost of CO2 capture from natural gas with H2 production	13.45 Million Million Euros Euros EU 7.58	2015
	Hydrogen	Phase 1 feasibility study, DYNAMIS preparing for large-scale H2 production from decarbonized fossil fuels with CO2 geological storage	7.69 Million Euros EU 4.15 Million Euros	Phase 1: 2008 Overall: 2015
	CASTOR (CO2 from capture to storage)	Separation of CO2 from natural gas at oil and gas operations in the North Sea, southern Saharan desert and in Germany, followed by compression and re-injection	15.8 Million Euros EU 8.5 Million Euros	
	CO2 capture technologies are a real breakthrough towards the 100% CO2 free emission.

Table 3 :

 3 Technical targets for hydrogen separation membranes.

	Characteristic	Units	2003 Status	2006 Status	2015 Target
	Flux rate	m 3 /h/m 2	18.3	61	91.5
	Cost	$/m 2	1940	860	<1080
	Durability	Years	<1	0.9	>5
	Operating temperature	°C	300-600	300-400	250-500
	Parasitic power	kWh/1000 m 3	113	-	<100
	ΔP operating capability	MPa	0.69	6.89	2.76-6.89
	Hydrogen recovery	% of total gas	60	-	90
	Hydrogen purity	% of total (dry) gas	>99.9	99.99	99.99

Table 5 :

 5 Physical properties of gases relevant to their separation[START_REF] Phair | Materials for separation membranes in hydrogen and oxygen production and future power generation[END_REF] 

	Property	H2	CO2	O2	CH4	He	N2
	Molecular weight	2.02	44.01	31.98	16.04	4.00	28.01
	Kinetic diameter (Å)	2.89	3.30	3.46	3.80	2.60	3.64
	Specific volume at 21°C, 1 atm, ml/g	11967	547	755	1502	6034	862

Density, at 0°C, 1 atm, g/l 0.0899 1.977 1.4291 0.6660 0.1650 1.1613 Critical temperature (°C) -240.2 31.0 -118.4 -82.2 -267.9 -146.94

  1 

				Selective Permeation
				of H 2	
			Experimental Studies	Another way? (Non coated CMC)	Mathematical Model
	Organic layered Membrane		Pd-Based Membrane		Simulation studies on Concentration Polarization in H 2 Enrichment
	Two types of perhydropo-lysilazanes	Polyetherimide Membrane	Ceramic Porous support	Porous Stainless Steel support
	membrane				
	with and without -CH 3 group	Al 2 O 3 support manufactured in 3 steps	The concentration Polarization Phenomena in H 2 separation	Concentratio n of permeation. N 2 on H 2 H 2 /H 2 O/CO 2 /	3 steps of H 2 Permeation

Table 6 :

 6 Characterization of flow inside the porous tube

Table 7 :

 7 Specifications of the two porous stainless steel materials.

	Type	SS3	SS20
	Diameter	30mm	30mm
	Filtration Diameter	16mm	16mm
	Thickness	3mm	3mm
	Overall Porosity	30%	36%

Composition

Fe (62 wt.%), Cr (18 wt.%), Ni (11 wt.%) C (7 wt.%), O (1 wt.%) and Si (1 wt.%)

Table 8 :

 8 Darcian's and Forchheimer's permeability values at three different secondary outlet openings for SS3 and SS20.It can be clearly seen from the Table8that in case of both the porous materials (SS3 and SS20) the determination of KD is not affected by the opening of the secondary outlet. For SS3 porous material, discrepancies of 1.21% and 0.1% are respectively found for 50% and 100%

	Type of	Permeability	Secondary outlet opening percentage
	material	Term	0% Open	50% Open	100% Open
		KD (m 2 )	7.38×10 -13	7.29×10 -13	7.37×10 -13
	SS3				
		KF (m)	3.08×10 -06	3.43×10 -06	5.28×10 -06
		KD (m 2 )	1.11×10 -10	1.05×10 -10	1.23×10 -10
	SS20				
		KF (m)	3.79×10 -05	5.11×10 -05	1.28×10 -04

Table 9 :

 9 Darcian's and Forchheimer's permeability values by two methods at different secondary outlet openings for C/SiC composite material.

	Primary

outlet opening percentage ISO method P 2 method KD ± ΔKD (m 2 ) KF ± ΔKF (m) KD ± ΔKD (m 2 ) KF ± ΔKF (m)

  

	0%	(1.35± 0.3)×10 -14	(1.23± 0.01)×10 -12	(1.40± 0.3)×10 -14	(1.22± 0.009)×10 -12
	50%	(1.38± 0.1)×10 -14	(1.11± 0.006)×10 -12	(1.61± 0.2)×10 -14	(1.14± 0.006)×10 -12
	100%	(1.63± 0.4)×10 -14	(1.15± 0.03)×10 -12	(2.04± 0.6)×10 -14	(1.10± 0.03)×10 -12

Table 10 :

 10 Physical and geometrical characteristics of the stainless steel porous tube.

	Length	1 m
	Inner diameter	0.019 m
	Outer diameter	0.025 m
	Porosity	36%
	Pore diameter	2 µm
	Density	5040 kg•m -3

Table 12 :

 12 Total mass flow rate through the outlets and recovered percentage

	Configuration	Inlet MFR (g/s)	Total Outlet MFR (g/s)	Flow through S.O (%)	Recovered (%)
	1	1.50	1.50	60.26	100
	2	1.49	1.51	62.08	101.21
	3	1.49	1.52	62.61	101.88
	4	1.50	1.52	61.93	101.40
	5	1.50	1.53	62.33	101.87
	6	1.51	1.53	61.92	101.39
	7	1.50	1.51	61.00	100.80

Table 13 :

 13 Mass flow rate along the length of the tube.

	Cell	Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7 Cell 8
	Length (z) in meters	0.11	0.22	0.33	0.44	0.55	0.66	0.77	0.88
	MFR (g/s)	0.059	0.06	0.062 0.061 0.063 0.065 0.062 0.161

Table 15 :

 15 Measured pressure at primary outlets for all the studied cases.

	Inlet MFR	Measured primary outlet
	(g/s)	pressure (bar)
	0.25	1.12±0.017
	0.50	1.14±0.038
	1.00	1.31±0.064
	1.50	1.58±0.061
	2.00	1.87±0.055

Table 16 :

 16 Inner diameter of the tubes.

		Inner diameter (m)	
	D1	D2	D3
	0.0024	0.0054	0.019

  Table 17 that the measured pressure drop is quite big at the inlet of the tube with respect to Pin 1.

Table 17 :

 17 Measured pressure at different positions in case of non-porous tube.There is no big difference is observed in the measured pressure value at Poutlet tube and Pout

	Inlet		Pressure		Outlet
	MFR	Pin 1	Pinlet tube	Poutlet tube	Pout	MFR
	g/s			bar		g/s
	0.24	2.10	1.12	1.16	1.12	0.21
	0.49	3.93	1.20	1.31	1.16	0.47
	0.94	7.78	1.62	1.74	1.48	1.00
	1.50	11.94	2.19	2.29	2.00	1.57
	2.00	15.63	2.74	2.84	2.50	2.09

Table 18 :

 18 Estimated and measured pressure at inlet and outlet of the main flow.

		Measured pressure	Measured	Calculated pressure
	Case	at Pinlet tube	pressure at Pout	at Pout by Eq. 1.44
			bar	
	1	2.37	1.25	1.24
	2	2.86	1.53	1.49
	3	3.61	1.83	1.98
	4	4.60	2.15	2.36

Table 19 :

 19 Computed entry length for each case.

		Laminar regime	Turbulent regime
	Case		
		Lh (m)	Lh (m)
	1	3.61	0.19
	2	5.41	0.19
	3	7.13	0.19
	4	9.10	0.19

Table 21 :

 21 Estimated and measured pressure at inlet and outlet of the main flow.

	Case

Measured pressure at Pinlet tube Measured pressure at Pout Calculated pressure at Pout by Eq. 1.44

  

			bar	
	1	1.94	1.14	1.01
	2	2.43	1.30	1.22
	3	3.00	1.50	1.54
	4	3.56	1.70	1.88

Table 22 :

 22 Comparison of different gases on the basis of different fluid properties.

2 •s•Pa))

  

									Separation
		MFR (g/s)						selectivity
	%							
		N2	CO2	N2	CO2	N2/CO2	N2	CO2	N2/CO2
	50/50	0.54 0.94 3.91×10 -8	4.89×10 -8	0.799	2.43×10 -8	3.01×10 -8	0.807
	60/40	0.59 1.50 3.91×10 -8	5.65×10 -8	0.691	2.46×10 -8	4.39×10 -8	0.560
	70/30	0.50 2.06 3.91×10 -8	6.54×10 -8	0.598	2.05×10 -8	5.71×10 -8	0.359

Table 26 :

 26 Hydrogen permeabilities and H2/CO2 selectivities for polymer membranes.

	Polymer	H2 Permeability 27 (Barrer) 28	H2/CO2 selectivity
	Cellulose acetate	2.63	0.4
	Ethyl cellulose	87	3.3
	Eval film (co-polymer of		
	polyethylene and polyvinyl	0.5	2.5
	alcohol)		
	Polybenzyl methacrylate	11.0	1.4
	Polydimethyl siloxane (ref)	375	0.3
	Polyetherimide	7.8	5.9
	Polyethylene low density film	17.3	0.9
	Polyimide (Matrimid)	28.1	2.6
	Polymethyl methacrylate	2.4	4
	Polymethylpentene	125	1.5
	Polyphenyleneoxide	113	1.5
	Polystyrene MW 280 K	23.8	2.3
	Polystyrene-co-butadiene	7.9	0.5
	Polysulfone	12.1	2.0
	Polyvinyl acetate	15.1	1.2
	Polyvinylidene fluoride (Kynar)	2.4	2.0

Table 34 :

 34 Measured pressure repeatability check along the length of non-porous tube for different inlet mass flowrate (MFR).

	Pressure

in bar at various position in non-porous tube

  

					Test 1					
	Inlet MFR g/s	0.11	0.22	0.33	Length (m) 0.44 0.56	0.67	0.78	0.89	Average
	0.25	1.1	1.1	1.1	1.1	1.1	1.3	1.2	1.1	1.2
	0.50	1.3	1.2	1.3	1.2	1.2	1.4	1.3	1.2	1.2
	1.00	1.7	1.6	1.7	1.6	1.6	1.8	1.7	1.6	1.7
	1.50	2.2	2.2	2.3	2.2	2.2	2.4	2.3	2.2	2.2
	2.00	2.8	2.7	2.8	2.7	2.7	2.9	2.8	2.8	2.8
					Test 2					
	0.25	1.1	1.1	1.1	1.1	1.2	1.1	1.1	1.1	1.1
	0.50	1.2	1.3	1.2	1.2	1.4	1.3	1.2	1.2	1.2
	1.00	1.6	1.7	1.6	1.6	1.8	1.7	1.7	1.6	1.7
	1.50	2.2	2.3	2.2	2.2	2.4	2.3	2.2	2.2	2.2
	2.00	2.7	2.8	2.7	2.7	2.9	2.8	2.8	2.8	2.8
					Test 3					
	0.25	1.1	1.2	1.2	1.1	1.1	1.1	1.1	1.1	1.1
	0.50	1.2	1.4	1.3	1.2	1.2	1.2	1.2	1.2	1.2
	1.00	1.6	1.8	1.7	1.6	1.7	1.6	1.6	1.6	1.6
	1.50	2.1	2.3	2.2	2.1	2.2	2.1	2.2	2.2	2.2
	2.00	2.7	2.9	2.8	2.7	2.8	2.7	2.8	2.8	2.8

Table 35 :

 35 Measured pressure in cells along the length of porous tube for different inlet mass flowrate (MFR) (All primary outlets i.e. cell outlets are closed).

	Inlet		Pressure in bar at various position in porous tube	
	MFR				Length (m)				
	g/s	0.11	0.22	0.33	0.44	0.56	0.67	0.78 0.89	Average
	0.25	1.1	1.1	1.1	1.1	1.3	1.2	1.1	1.2	1.2
	0.50	1.2	1.3	1.2	1.2	1.4	1.3	1.2	1.3	1.3
	1.00	1.6	1.7	1.6	1.6	1.8	1.7	1.6	1.8	1.7
	1.50	2.2	2.3	2.2	2.2	2.4	2.3	2.2	2.3	2.3
	2.00	2.8	2.8	2.8	2.7	3.0	2.9	2.8	2.9	2.8

It is the ability of the membrane to separate one specie from another. It is explained with mathematical equation in section I.4 

It is the degree to which a porous material allows the flow of the respective gas through it. The methods of determination are provided in section I.4.

C'est la capacité de la membrane à séparer les espèces les unes des autres. Ce phénomène est expliqué par l'équation mathématique au chapitre 1 section

 4 Le matériau poreux permet de séparer les gaz qui passent au travers de celui-ci. Les méthodes permettant de déterminer la perméance des gaz sont donnée dans le chapitre 1 section 4.

It is the ability of the membrane to separate one specie from another. It is explained with mathematical equation in section I.4 

It is the degree to which a porous material allows the flow of the respective gas through it. Methods of determination are provided in section I.4.

Microporous = pore radius <1 nm, mesoporous = 1 nm <pore radius <25 nm, macroporous = pore radius >25 nm. More details regarding pore size are followed in section I.3.

A summary of the permeabilities and selectivities of the selected types of nano-porous membranes for hydrogen separation is provided in annexure A.1.

Details are given in the section I.2.2.

It is the measure of the ability of the material to allow the flow of fluid through it. It will be detailed in the section I.3.

'SS' stands for stainless steel. The number next to the 'SS' corresponds to the class of the material. Higher the number value higher is the porosity and permeability of the material.

The different fluids used for the experiments are stored in a cabinet outside the laboratory. The composition of gases are given in appendix A.3.

It is the property of the porous material that allows the passage of a gas in the presence of a pressure difference (details given in section I.4).

It is defined as M 𝑟 = ρ • 𝑉 𝑟2 for more details regarding estimation refer to the section IV.3.

The discrepancy in the experimentally determined permeability value at very small inlet flow rate (i.e. 0.12, 0.5 and 0.75 g/s) is very high compared to the one determined at higher inlet mass flow rate (i.e. 1, 1.5, 2.0, 2.5 and 3.0 g/s) for 100% case. It is due to small inlet

Chapter III: Development and validation of permselectivity test bench

All the cells are assembled together by tightening the screw through the threaded holes provided on the flange of each permeation cell. The seal is provided between the two connecting cells to have a leak proof joint. Each cell has two outlets (holes) in the middle which are situated on circumferentially opposite directions: the first one for the thermocouple and the second for a pressure transducer to measure the pressure inside the cell or the pressure of the outlet flow.

III.2.1.2.2 Fabrication of permeation cell

The permeation cells are manufactured in the mechanic department of INSA Centre Val de Loire -Bourges campus. It is made up of INOX-316L because it can withstand high pressure (up to 100 bar) and high temperature (up to 800 °C). In total 9 cells (each of the length 10.00 cm, inner diameter of 5.40 cm and outer diameter of 6.20 cm) are manufactured, out of which one is extra for future study of a longer tube. Some of the manufactured cells are shown in Fig.

48.

Figure 48: Manufactured permeation cell All the 8 cells are isolated from each other using a rubber seal in non-porous polymer support (Fig. 49). The front part of the support consists of a face and a flange. The face is inserted into the cell. The external diameter of the face is slightly bigger (2 mm) than the inner diameter of the cell. Therefore the front part of the polymer support is inserted forcefully resulting in proper sealing between the support and the cell. The back part of the polymer support comes in contact with the support of the adjacent cell. Then both the cells are joined together using a screw of the thread diameter of 9.7 mm (Fig. 48).

The depth of the seal pocket is half of the thickness of the rubber seal (D = 26 mm and t = 4.80 mm). When two cells are assembled together half of the seal rest in one support whereas the other half in the adjacent support. This results in equal distribution of stress and in a leak proof joint. 

III.2.2.3 Thermocouple

The test bench is equipped with 10 K type (TJ36-CASS-18U-6) thermocouples, out of which one each is placed at the reactor inlet and outlet (secondary outlet). The remaining eight thermocouples are placed in the holes provided in the eight permeation cells respectively (see Fig. 51).

III.2.2.4 Pneumatic valve

The opening and closing of the fluid line leading to respective mass flow controller is controlled by two solenoid valves driven by a pneumatic rack and pinion actuators produced by Air Torque. They can cut the supply of the fluid in the state of emergency.

The two solenoid valves are powered (24 volts AC) via an electronic card whereas the pneumatic actuators are operated using compressed air supplied throughout the laboratory at 5 bar using a centralised compressor. PFA flexible tubes of 1/4 "external diameter and 0.047" thickness, manufactured by Swagelok (type PFA-T4-047), were used to connect the actuators to the laboratory compressed air system. Gyrolok fittings were used to connect the inlet/outlet of each valve (1/4 "Male) to the upstream/downstream fluid channel. During the experimental study, these valves were operated using the "Reactor Control" application.

The electronic card also has LED indicators for respective valves (Fig. 52 

Chapter IV: Gas permeability and selectivity of pure and mixture gases

The pressure estimated along the length of the porous tube using equation 4.3, 4.4 and 4.5 is incorrect may be because previously Pin1 is used as inlet pressure. Therefore the pressure profile is again determined using Pinlet tube value instead of Pin1. The results obtained are not different still the pressure is found to be constant along the length of the tube in all the studied cases. Therefore the pressure inside the porous tube will be determined using Eq. 1.44 in the next sections by using cartography of inlet tube pressure which is determined using non porous tube for respective inlet mass flowrate. In addition the validation of the non-porous tube setup is done by changing the position of pressure transducers and also using porous tube (see annexure A.6 and A.7).

IV.3 Fluid flow analysis using single gas

In this section, all the experimental studies are performed using single gas (i.e. Nitrogen, Carbon dioxide, Methane and helium). Firstly, the pressure inside the main flow is determined using Eq. 1.44. The study using single gas will help in identifying the fluid parameters that can affect the fluid flow inside the porous tube. The results obtained from this section will also help in understanding the fluid flow parameters which should be focused upon while studying the interaction of the gases in case of binary mixture.

IV.3.1 Nitrogen

In this section and all the coming section of single gas experiments, inlet mass flowrate 0.25 and 0.50 g/s is not considered for post processing and additional case of 2.50 g/s is considered due to the limit of mass flow controllers as described in section IV.2. In total, 4 different cases (see Table 18) are studied where the mass flowrate is maintained at 1.00 g/s, 1.50 g/s, 2.00 g/s and 2.50 g/s. Fig. 71 represents the computed pressure profile inside the porous tube by considering Eq. 1.44.

As conclusive remarks, the important take away points from the fluid flow analysis using Nitrogen are as follows:

 The pressure profile determined for the main flow along the length of the porous tube using equation 1.44 fits well with the measured data irrespective of any other fluid flow equations. Hence it can be concluded that both the flows i.e. main flow and porous flow should be considered while determining the pressure inside the main flow.

 The increase in viscous sublayer thickness is responsible for the increase in porous flow along the length of the tube.

 The momentum in axial and radial direction also play a part in governing the permeation process in a porous channel.

All this phenomena will be further confirmed by performing the fluid flow analysis using CO2, CH4 and He in the coming sections.

IV.3.2 Carbon dioxide

The CO2 is tested after the N2 study as it is safe to use and the molecular mass is higher than the N2. This study will help in understanding the fluid flow behaviour in case of heavier species. Moreover, CO2 is also produced as a by-product in most of the hydrogen production methods (see section I.2.2). If Hydrogen and CO2 are fed to a fuel cell, it can result in electrode poisoning. Therefore, CO2 separation study is important. Comparing the results of CO2 with N2 study will mainly confirm the phenomena of viscous sublayer thickness, pressure determination method inside the main flow and pressure gradient. Several tests have been performed using CO2 in a porous tube for four different cases (Table 20). The measured data from these tests shows that the pressure at the primary outlet remains more or less constant (Table 20). continue to decrease due to continuous filtration occurring along the length of the porous tube and hence the Reynold's number also decreases in all the studied cases (Fig. 83). Despite an apparent macroscopic stability of the through flowrate, an increase from 3.5% to 5.5% along the tube is obtained similar to that found in the case of N2 (Fig. 84).The increase in primary outlet flow can be justified by the increase in viscous sublayer thickness which also continue to rise along the axial direction (Fig. 85) irrespective of decrease in main flow. In Fig. 84, the slight dip in percentage of primary outlet flow is observed at 0.55 m but after that again it continue to rise till the outlet. Here it doesn't seems like the slight dip is due to viscous sublayer thickness because it is continuously increasing along the length of the tube.

However, in the case of Nitrogen, primary outlet flow is steadily increasing (Fig. 74).

In order to have more clarity regarding the above irregularity in the increasing trend, the percentage of the primary flow is plotted with respect to the viscous sublayer thickness (Fig. 86). While observing Fig. 86 closely, it can be seen that the increase in flowrate is not very steep like one observed in case of Nitrogen (Fig. 76). It may be due to the viscous sublayer thickness which is found to be more in case of Nitrogen compared to the Carbon dioxide. media. Because the pressure inside the main flow is the highest in case of Helium (Fig. 101)

but the porous flow is the smallest (Fig. 102). The viscous sublayer thickness is the smallest in case of Methane (Fig. 103) and the corresponding porous flow rate is maximum. It is basically due to momentum in radial direction 26 (Mr) (Fig. 104) which is almost five times higher compared to the nitrogen and Carbon dioxide cases.

cases for Helium and Nitrogen and decreasing in all the cases of Carbon dioxide and Methane.

In the next section, the experiments are performed using mixture of Nitrogen and Carbon dioxide in three different composition. The results obtained from the pure gas section are compared with binary mixture results.

IV.8 Gas permeability and selectivity of binary CO2-N2 mixtures

The experiments are performed for four different total mass flowrates (by varying the mass flowrates of both the gases) and for three different volumetric compositions of binary gases CO2/N2 (50/50%, 60/40%, 70/30%) (Table 2). The case 1 roughly corresponds to a test at 1 g.s - 1 , case 2 at 1.5 g.s -1 , case 3 at 2 g.s -1 and case 4 at 2.5 g.s -1 ; even if due to experimental uncertainties and manipulations, the effective total mass flowrate may vary (as seen in Table 23), once the outlet flow rate is stabilized, the inlet flow rate of both the gases is changed simultaneously in order to study the next case (a series of hydraulic plateau is considered to move for a given mixture composition from case 1 to case 4). The same process is repeated till case 4. In the present work, all the tests are performed at ambient temperature. Three different volumetric compositions 30-40-50% of N2 into CO2, (which is the major component) are studied for 4 different cases (total mass flowrates of 1 g.s -1 , 1.5 g.s -1 , 2 g.s -1 , 2.5 g.s -1 ). The inlet pressure varies according to the total mass flowrate (roughly about 2.55 bar, 2.73 bar, 3.16 bar and 3.47 bar respectively). As a consequence, it is important to note that both partial pressure of the compounds and the total pressure of the mixture are varying.

It is found (see Fig. 110) that the momentum of CO2 and N2 decreases along the length of the tube due to a decrease in the velocity. However, the momentum of CO2 is always higher than that of N2 in all the cases of the three compositions, therefore CO2 composition decreases along the length of the porous tube, whereas N2 concentration increases (as it was shown by Figure 6). Hence it results in a higher permeability of CO2 compared to N2.

The gas permeability is directly proportional to density and inversely proportional to viscosity (Eq. 4.11). Momentum is calculated on the basis of density and velocity. Velocity of the main flow decreases due to a decrease in pressure along the length of the tube. VCO2 is lower than VN2. Because the molar mass of CO2 is higher, therefore 𝑟(𝑟̇= 𝑅 ̇𝑀𝑀 ⁄ ) for CO2 is lower than N2. As the density is defined as 𝜌 = 𝑃 𝑟̇• 𝑇 ⁄ , so for same pressure (P), 𝜌 CO2 should be higher than 𝜌 N2 . Now velocity (V) is 𝑉 = ṁ 𝜌 • 𝐴 ⁄ , therefore VCO2 is always lower than VN2.

Consequently, the density is the deciding factor.

The separation selectivity (N2/CO2) increases along the length of the tube (Fig. 111) due to the effect of the boundary layer (as seen in a single gas study [START_REF] Najmi | Axial distribution of permeance and of ideal selectivity of a porous cylindrical tube[END_REF] and as seen in here through momentum consideration). In addition, the selectivity increases with the decrease of CO2 concentration (from 70/30% to 50/50% test cases). This is due to the CO2 partial pressure which varies according to the CO2 concentration.

However, one could expected a decrease in the selectivity despite the fact that it is found to increase here. Indeed, the concentration of CO2 is decreasing and N2 is increasing inside the main flow; which means the filtrated CO2 content rises while the one of N2 decreases along the length of the tube. So there should be a decrease in the selectivity along the length of the tube according to the equation of selectivity. Since an increase in selectivity is found (see Fig. 111), it demonstrates that the effect of the decrease in density and viscosity is of higher magnitude compared to the change of gas concentration.

The decrease in volumetric concentration of CO2 and increase in N2 is not enough to affect the gas permeability which is mainly governed by density and viscosity (see Eq. 4.11). The change in concentration would have affected the gas permeability or selectivity if the pressure inside the tube would have remained constant along the length. This is because, on one hand, according to Dalton's law, the partial pressure of any specie present in a mixture is defined as 𝑃 𝑖 = 𝑋 𝑖 • 𝑃 𝑡𝑜𝑡𝑎𝑙 and varies according to the Xi (concentration of specie inside the main flow)

if Ptotal (total pressure inside the main flow) is constant. While on the other hand, the density and viscosity of N2 and CO2 are determined on the basis of partial pressure of the respective gases so they vary also but to a lower extent.

To understand the effect of the key properties on the selectivity more clearly, Fig. 112 presents the main relationship between the properties. The total pressure (Ptotal) inside the main flow decreases along the length of the tube due to the filtration (permeate flow) and fluid friction. Therefore, the partial pressure (Pi), density (ρ) and viscosity (µ) of N2 and CO2 also decreases and hence, the change in concentration does not affect the gas permeability. Decreasing

Annexure Annexure A.1: Comparison of different type of porous membrane

A summary of the permeabilities and selectivities of the selected types of nano-porous membranes for hydrogen separation is provided in Table 25. 

Annexure A.2: Conversion factor to convert gas permeability and gas permeance in different units

Table 28 and 29 provides a conversion factor required to convert gas permeability and permeance in other units [START_REF] Baker | Membrane Technology and Applications[END_REF]. 

Annexure A.4: Secondary method for the mass flowrate determination from each cell

The aim is to determine the mass flow rate from each cell and secondary outlet. It can be achieved by repeating the same test four times in which position of the mass flow meters will be changed after each test. A series of tests are performed using this method and it is found that the recovered flow for 0.30 g/s case is 37% (see table 31) which is very low compared to the one determined using analytical method in which the recovered flow was about 80% for inlet mass flowrate of 0.25 g/s (see section IV.2 table 14). It may be due to uncertainty of the mass flow meter because the mass flow rate measured at cell outlet is very small. Even for higher mass flowrates (more than 1.00 g/s) the recovered flow is about 60-70% which means 40-30% of mass is lost (see Table 31).

The clear advantage of the developed analytical method (see section III.4.1) can also be seen by the fact that in case of 0.25 g/s (see section IV.2 table 14) it allows to measure the mass flowrate from each cell whereas in case of secondary method even the inlet mass flowrate is 0.30 g/s it is difficult to determine the mass flowrate from cell 1 and 3. Few more tests are performed by changing the position of two mass flowmeter whereas one is permanently placed at secondary outlet (i.e. MFM C see Fig. 43). It is found that whenever the mass flowmeter position is changed the mass flow rate through the secondary outlet and cells also varies (See Fig. 113). Hence the position of the flow meter affects the flow through the porous tube. After analyzing the obtained results it is confirmed that the reason behind this is the Coriolis mass flow meter which offers a small resistance to the incoming flow.

So if the one mass flow meter is connected at cell 1 and other at cell 5 the fluid will take the easiest path and will escape from the outlets (2, 3, 4, 6, 7 or 8) open to the atmospheric pressure. Hence this method is not reliable and cannot be used for the measurement of the mass flow rate through primary and secondary outlet. From continuity equation, it can be deduced [START_REF] Cengel | Fluid Mechanics: Fundamentals and Application[END_REF]:

Continuity is also applicable to pipes whose cross sections change along the length. This equation could not be applied between section D1 and D3 (see Fig. 69) because the mass flowrate is measured only at inlet and outlet of the tube and as the velocity

unknown. So finally the equation (Eq. A.5-1) becomes ṁ1 = ṁ3 and the pressure at inlet of tube remains unknown.

If Hagen-Poiseuille equation [218] [219] is applied between Pin 1 and Pin 2, the results obtained are a bit closer to the measured pressure data (see Table 32). The diameter of the connecting tube at Pin 1 and Pin 2 is the same. The relative error for the first case (0.25 g/s) is low compared to the reaming four cases (0.50, 1.00, 1.50 and 2.00 g/s). This is due to the flow regime which is laminar for the first case and turbulent for remaining ones. The relative error is estimated using following relation. If Hagen-Poiseuille equation is applied between section D1 and D3, the predicted pressure at inlet tube position (Pinlet tube) is quite high compared to value measured using non-porous tube for the same inlet mass flowrate (see Table 33). This may be explained by the Boyle's Law. It states that when the system is at the constant temperature and mass, the pressure decreases due to increase in the volume. In this study, as all the tests are performed at ambient temperature it can be considered as a constant. Whereas the mass flow controller maintain the constant mass flow rate in the system.

It can be seen that from the Table 16 the diameter is increased 28% between D2 and D3. If the first two cases (0.25 and 0.50 g/s) are ignored (Table 33) the average decrease in pressure is about 28% for the last 3 studied cases (1.00, 1.50 and 2.00 g/s). As the fluid is flowing the pressure loss due to the friction and change in flow regime cannot be neglected at high mass flowrates. Therefore the best possible way to determine the pressure at the inlet tube position for porous tube study is by using non-porous tube.

Annexure A.8: Fluid flow analysis result for Methane and Helium

The next fluid used in the fluid flow analysis using single gas is Methane. Similar to the previous studies (Section IV.3.1 and IV.3.2) four cases are considered that are based on inlet mass flow rate i.e. 1.00 g/s, 1.50 g/s, 2.00 g/s and 2.50 g/s. The pressure at the primary outlet (i.e. in all the cells) is more or less constant for a given inlet mass flowrate (Table 36). The pressure inside the main flow determined using Eq. 1.44 is as accurate as found in case of Nitrogen and Carbon dioxide study (Table 37 and Fig. 114). This results clearly confirms that the variation in measured and calculated pressure (using Eq. 1.44) is due to the flow regime. The percentage of primary outlet flow is increasing along the length of the tube (Fig. 116) in all the studied cases. This is due to an increase in viscous sublayer thickness (Fig. 117). The increase in temperature along the length of the tube is recorded (Fig. 118) like already found in case of Carbon dioxide due to the Joule-Thompson effect. The temperature stabilises at 0.55m. Fig. 119 and 120 represents the ratio of the momentum and evolution of gas permeability along the length of the porous channel. The gas permeability determined using Eq. 4.11 is also verified by using Eq. 4.9. In case of Helium only two cases are studied i.e. 0.50 g/s and 1.00 g/s. All the cases are performed three times in order to check the repeatability. The pressure at the primary outlet is given in Table 38.

Table 38: Measured pressure at primary outlets for all the studied cases for He. The pressure inside the main flow is determined using Eq. 1.44 and found to be in good agreement with measured pressure data at the outlet (see 

Case

Abstract

Using Fuel Cell on board of aircraft imposes to extract light species (such as Hydrogen and light hydrocarbons) from the liquid fuel which is stored and used, possibly at temperatures where a fuel pyrolysis occurs. Porosity of a composite material could be used to filtrate the selected species. The separation efficiency of a porous material depends upon two factors which are: Permeance and Selectivity.

These factors are often determined with a classical configuration using a porous disk sample. However, this configuration is far from the realistic one consisting of tubes. Therefore, a study is performed considering both configurations using different types of porous disks and a porous composite tube. Then, the obtained results are compared and the different factors affecting the permeation process are studied.

After that, an innovative permselectivity test bench is developed and used in order to determine the axial distribution of the two properties of a stainless steel porous tube (i.e. permeance and selectivity). The effects of the operating conditions (inlet mass flowrate and inlet pressure) have been studied. A new radial form of the gas permeability equation has been developed for this work and its relationship with Darcy's permeability is established. The pressure variation along the centre axis of the tube is determined. The effects of this pressure variation on the physical properties of gases such as density and viscosity are determined and their influence on the selectivity is studied using different gases such as Nitrogen, Carbon dioxide, Methane, and Helium.

Later, a binary mixture of Carbon Dioxide (CO2) and of Nitrogen (N2) is considered under three different volumetric compositions (50/50%, 60/40% and 70/30%) in order to evaluate the separation property of the porous stainless steel tube (membrane effect). The pure gas permeability, the mixture permeability, the ideal selectivity and the separation selectivity of this tube are determined for a different mass flowrate and inlet pressure. The factors affecting the distributions of CO2 and N2 inside the porous tube are investigated.

The obtained results can be useful to understand the factors affecting gas separation in case of a porous tube for continuous industrial processes.

Keywords: Permeation, porous medium, regenerative cooling, selectivity, separation process, permeable tube, fuel cell, porous tube.
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