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            Abstract
          
        

        
          The effect of flow configuration in ammonia-fed solid oxide fuel cell are investigated by using a three-dimensional numerical model. Typical flow configurations including co-flow and counter-flow are considered. The ammonia is directly fed into the stack without any external reforming process, resulting in an internal decomposition of NH3 in the anode electrode of the stack. The result showed that temperature profile in the case of counter-flow is more uniform than the co-flow configuration. The counter-flow cell, the temperature is highest at the middle of the channel while in the case of co-flow, the temperature is continuously increased and reached maximum value at the outlet area. This leads to a higher averaged current density in counter-flow compared to that of co-flow, about 5%.
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      1. Introduction
      Solid oxide fuel cell (SOFC) is one of the most promissing alternative power generation device for sustainable power system, which can efficiently converse chemical energy to electrical power1-4). Typical power generation systems, such as steam turbines, gas turbines, and internal combustion engines, normally converse chemical energy from fuel to high temperature and high pressure, then turn to mechanical energy of the turbine shaft or crankshaft, finally turn to the electricity by the generator. SOFCs consume hydrogen fuel and generate only water as byproduct, leading to a great potential for reduction of CO2 when using green hydrogen as fuel. In addition, since SOFCs operate at relatively high temperature (600-900℃), it is perfectly fitted with other power conversion cycles, i.e., Rankine cycle, Brayton cycle, or Carnot cycle, to form high efficiency SOFC-based combined power conversion systems5-7).

      SOFCs can be fed by hydrogen, methane, ammonia, ethanol, methanol, etc. Among them, ammonia shows great ability to be an alternative for typical hydrogen fuel owing to its advantages in storage, transportation, and efficiency. Ammonia can be stored at pressure of 11 bar at ambient temperature whereas hydrogen fuel requires pressure of 350-700 bar8). Ammonia has a high energy density of 11.5 MJ/L in liquid form (15℃ and 11 bar) while that of hydrogen is only 4.5 MJ/L (15℃ and 690 bar), resulting in a more compact system when ammonia is used instead of hydrogen fuel. Ammonia can be directly fed into anode side of the SOFC where decomposition reaction of NH3 occurs (NH3 [g]→1.5H2 [g]+0.5N2 [g]). The decomposition reaction absorbs heat from electrochemical reaction of the SOFC, consequently the cooling power for the air blower can be significantly saved in comparison with hydrogen-fed SOFC case. In addition to above advantages, ammonia is a well-known species in industrial field, especially in fertilizer making process, therefore, mass production technologies, transportation methods, safety criteria, and policies for ammonia are extensively developed.

      Commercialization of ammonia-fed SOFC, however, are facing some problems. First, nitriding problem, which is a mandatory process of ammonia decomposition in Ni catalyst9), can degrade the triple phase boundary microstructure, resulting in a degradation of electrochemical performance of the fuel cell. Second, agglomeration of nickel particles in YSZ based material, which is also called coarsening process9,10). This phenomenon occurs due to high temperature operation of the fuel cell, causing a large-size nickel catalyst, consequently the active area of the catalyst layer is reduced, and then its performance is decreased. Finally, deformation of gas separator by nitriding reaction between iron (Fe) and nitrogen is a considerable problem. After a long period of operation, i.e., 1,000 hours, the iron particle can be pull out of separator surface, leading to possibility of local blockage which can immediately damage the stack10,11). Interestingly, these three above problems are strongly dependent on local temperature inside the fuel cell stack. Therefore, understanding the temperature distribution in the cell is one of the most crucial requirements of stack development. In addition, since the temperature and current density are naturally coupled in the fuel cell, understanding current density distribution is also important. Unfortunately, studies of those for methane and hydrogen fuels are extensive while that of ammonia-fed SOFC is not considered. The decomposition reaction of ammonia is totally different compared to that of methane in terms of heat and activity, therefore, the result of methane case cannot be used to develop ammonia-fed fuel cell. Ammonia fuel cell must be investigated separately.

      In this study, the temperature and current density of the ammonia-fed SOFC will be investigated. The 3D model of co- and counter-flow will be used to investigate ammonia decomposition reaction, which is coupled with electrochemical reaction in the fuel cell, by using ANSYS FLUENT commercial package12,13). The model is then validated with experimental data to turn unknown electrochemical parameters, such as anode exchange current density, cathode exchange current density, and exponential factor of species. By investigating temperature and current density of the two types of flow, an alternate co-flow configuration is proposed to improve the performance of the SOFC stack. Alternate co-flow might have a great potential to enhance the SOFC stack performance.

    

    

  
    
      2. Design descriptions
      
        2.1. Geometry
        A full cell design size is normally 100×100 mm2. To reduce calculation cost, however, a single channel is used for CFD analysis for two types of flow, which are co- and counter-flow. The calculation domain includes two bipolar plates at the top and bottom, fuel flow, air flow, and electrodes, as shown in Fig. 1. The bipolar plates directly connect to electrodes to collect electrical current from electrochemical reaction. Dimension and characteristic of geometry component are available in the Table 1. Electrolyte is omitted from the model and replaced by a virtual interface in the calculating program (see section 2.2).

        
          
          

          Fig. 1. 
				
          

          
            Geometry of the single channel SOFC model
          
          

          

        

        
          Table 1. 
				
          

          
            Geometry parameters
          
          

        

        
          
            
              	Parameters
              	Unit
              	Value
            

          
          
            	Anode electrode thickness
            	m
            	0.7e-3
          

          
            	Cathode electrode thickness
            	m
            	0.04e-3
          

          
            	Anode electrode width (one channel)
            	m
            	2e-3
          

          
            	Cathode electrode width (one channel)
            	m
            	2e-3
          

          
            	Porosity of anode electrode
            	-
            	0.5
          

          
            	Porosity of cathode electrode
            	-
            	0.5
          

        

        

      

      
        2.2. Numerical model
        The calculation was done using commercial SOFC package in ANSYS FLUENT software (https://www.afs.enea.it/). In the SOFC model, the typical continuity equation, momentum equation, and energy equation are solved in the calculation domain. After that, the local species concentration at the interface of anode and cathode electrodes are used for solving electrochemical reaction using a virtual electrolyte. Finally, the species and heat fluxes from electrochemical reaction solver will be returned to the fluid domain, as shown in the Fig. 2.

        
          
          

          Fig. 2. 
				
          

          
            Calculation process (https://www.afs.enea.it/)
          
          

          

        

        The decomposition reaction of ammonia only occurs in the anode electrode. The Arrhenius expression Eq. 1 is used for calculation reaction rate.
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          	kf,r : forward rate constant


          	Ar: pre-exponential factor14) (1e12)


          	Er: activation energy15) (J/kgmol) (1.96e8)


        

        Regard to meshing process, all hexahedral meshes were created using nonconforming mesh technique. Approximately seven hundred thousand mesh elements are generated for the entire calculation domain to reach acceptable accuracy. The accuracy was investigated by increasing number of mesh elements which is so called mesh independent analysis, as shown in Fig. 3.

        
          
          

          Fig. 3. 
				
          

          
            Mesh analysis results. (a) Mesh independent analysis. (b) Corresponding mesh quality.
          
          

          

        

      

    

    

  
    
      3. Validation
      The boundary condition for the calculation has been set as shown in Fig. 4. Since this is a single channel SOFC, the side walls will be defined as symmetry condition. To make result more close to reality, the top surface, bottom surface, and two ends are set as adiabatic condition16).

      
        
        

        Fig. 4. 
				
        

        
          Boundary conditions
        
        

        

      

      The model was validated with experimental data from published paper11). The mass flow inlets of ammonia and air and working condition of the experiment are listed in the Table 2. Fig. 5 shows a comparison of calculation I-V curve and experimental data. The calculation curve well agrees with experimental points, showing a great ability of the SOFC single channel model in further investigation.

      
        Table 2. 
				
        

        
          Working condition of SOFC cell for validation
        
        

      

      
        
          
            	Parameters
            	Unit
            	Value
          

        
        
          	Anode electrode tortuosity
          	-
          	3
        

        
          	Cathode electrode tortuosity
          	-
          	3
        

        
          	Fuel inlet temperature
          	℃
          	600
        

        
          	Air inlet temperature
          	℃
          	600
        

        
          	Mass flow of fuel (inlet)
          	kg/s
          	1.316e-7
        

        
          	Mass flow of air (inlet)
          	kg/s
          	1.367e-6
        

      

      

      
        
        

        Fig. 5. 
				
        

        
          Validation of SOFC model with experimental data
        
        

        

      

    

    

  
    
      4. Results and discussion
      The length of the single channel is 0.01 m while its width is only 2 mm. To make the picture easier to follow, the length of the channel was scaled by 10 times in Figs. 6-8.

      
        
        

        Fig. 6. 
				
        

        
          Concentration of ammonia and hydrogen at the middle section of the cell. (a) Co-flow, NH3 concentration. (b) Counter-flow, NH3 concentration. (c) Co-flow, H2 concentration. (d) Counter-flow, H2 concentration.
        
        

        

      

      
        
        

        Fig. 7. 
				
        

        
          Distribution of temperature at the middle section of the cell and current density at electrolyte. (a) Co-flow, temperature. (b) Counter-flow, temperature. (c) Co-flow, current density. (d) Counter-flow, current density.
        
        

        

      

      
        
        

        Fig. 8. 
				
        

        
          Current density and temperature distribution in the alternate co-flow design. (a) Temperature at the middle section of the cells. (b) Temperature at electrolytes. (c) Current density at electrolytes.
        
        

        

      

      Fig. 6 shows molar fraction of ammonia and hydrogen of co- and counter-flow. The fuel and air flow rate are 8.561e-8 kg/s and 1.647e-6 kg/s, respectively. Fuel direction is from left to right in all cases. In addtion, the voltage of each cell is fixed at 0.83 V in all calculations as an input value. As you can see, the ammonia is quickly fully decomposed at the entrance of the fuel side in both cases. In counter-flow case, however, ammonia is a little bit decomposed faster (Fig. 6[a] and [b]) owing to difference in local temperature, resulting in a higher hydrogen concentration at the entrance area (Fig. 6[c] and [d]) compared to that of co-flow case.

      Fig. 7 shows the temperature at the middle of the cell and current density at electrolyte of two types of flow. It is obvious that, the hottest temperature of the co-flow case is in the outlet of flows owing to exothermic electrochemical reaction of the fuel cell. In case of counter-flow, however, the hottest zone is in the middle of the channel. This is reasonable because in hydrogen-fueled fuel cell, the hottest area is at the outlet of the air17). In the case of ammonia, the decomposition reaction of NH3 is endothermic which absorbs heat from fuel cell, consequently the hottest point moves to the center of the cell (Fig. 7[b]). The average temperature of co-flow case is 966 K while that of counter-flow is 988 K.

      Regard to the current density, in both cases the current is highest at the entrance of fuel and then it is reducing along the channel because of reduction of hydrogen concentration. The averaged current density of co-flow is 3,036 A/m2 whereas that of the counter-flow is 3,166 A/m2, 4.3% higher than co-flow case.

      It seems that co-flow is less efficient than counter-flow due to temperature distribution along the channel. To overcome this, an alternate co-flow is proposed, as shown in Fig. 9. Two adjacent cells have difference flow directions, which can help their hottest and lowest temperature zones compensate each other, resulting to a more flatten temperature distribution. Temperature and current density distribution of the proposed design is on Fig. 8.

      
        
        

        Fig. 9. 
				
        

        
          Alternate co-low concept
        
        

        

      

      As a result of alternate flows, the temperature is symmetric to the center line of the channel as shown in Fig. 8(a) and (b). In addition, current density distribution is more uniform than the single flow cases, as shown in Fig. 8(c).

      Fig. 10 compares temperature variation along with channel of three flow types. The alternate co-flow case shows symmetric curve to the center of the channel. Although its peak is higher than the other cases, the higher averaged temperature of the alternate co-flow case results in a higher averaged current density, 5.3% higher than that of single co-flow.

      
        
        

        Fig. 10. 
				
        

        
          Comparison of co-flow, counter-flow, and alternate co-flow in terms of temperature
        
        

        

      

    

    

  
    
      5. Conclusions
      Effects of co- and counter-flow in single channel cell to the temperature and current density distribution of ammonia-fed SOFC has been investigated. A three dimensional model, which includes decomposition reaction of ammonia and electrochemical reaction of fuel cell, has been used. An alternate co-flow has been proposed to enhance cell performance. Some useful information has been derived that can be summarized as follows.

      If all things being equal, such as working voltage, fuel and air flow rates, input temperature of gases, and the cell geometry, counter-flow is better than co-flow in NH3-fed SOFC. Counter-flow shows 2.3% higher in averaged temperature and 4.3% higher in current density than those if co-flow.

      The proposed alternate co-flow can significantly improve the temperature distribution and averaged current density of the SOFC compared to singled flows.
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