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Abstract

:

The objective of this study was to optimize the design of the injection nozzle hole of the fuel injector of a model MGT engine. To achieve a higher combustion efficiency of the mixed gas in the combustion chamber, first, well-mixed homogeneous gas should be formed to accelerate the flame propagation in the chamber to reach a higher combustion temperature and pressure. In this study, four different shapes of the nozzle hole of the fuel injector were designed, and the mixed gas formation characteristics in the chamber were numerically analyzed. Three parameters—the penetration, diffusivity, and amount of fuel injected—were analyzed and compared to find the optimum shape of the nozzle hole with the highest combustion efficiency in the chamber. CFD analysis was conducted using a general-purpose CFD (Computational Fluid Dynamics) code-named PHOENICS (ver. 2020). Based on the analysis results, it was found that the penetration length (   l p   ), diffusion angle (θ), and volume flow rate (    Q ˙  f   ) of the injected fuel of Model 3 had the best injection characteristics for the well-mixed gas formation condition in the combustion chamber. Especially, the volume flow rate of the injected fuel of Model 3, which directly affects the output power of the engine, increased by more than 5%. This result is useful and informative for making a sample combustor for a combustion performance test of the model gas turbine engine.
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1. Introduction


Global warming and the energy shortage problem have become essential issues that mankind must solve in the 21st century. In the past few years, the electric power industry has been rapidly shifting from pyroelectric power generation to power generation using renewable energy, such as solar power, wind power, and hydropower. At the same time, global electricity demand is steadily increasing. As the trend of electrification in various fields, starting with electric vehicles, is becoming stronger, it is important worldwide to develop a sustainable solution to the increasing demand for electricity. In Asia, coal-fired power plants are being replaced by gas turbines running on natural gas that emit 60% less carbon than coal-fired power plants [1,2]. However, due to the high entry barriers for gas-turbine-related technologies and the avoidance of technology transfer by advanced overseas companies, foreign institutions have monopolized the market leadership [3,4], resulting in huge import costs. In particular, medium and large gas turbines must be imported at high prices, including complex structures, huge volumes, and specialized cooling towers. As a result, interest in distributed generation systems using micro gas turbines has increased. Compared with gas turbines used in medium and large gas turbines, micro gas turbines of smaller size and with excellent operating performance are more likely to attract attention [5,6].



A micro gas turbine (MGT) is an energy generator with a capacity range of 15 to 300 kW. NASA classifies gas turbine classes according to maximum thrust, as shown in Table 1 [7]. It offers several common features, such as variable speed, high-speed operation, small size, simple operability, easy installation, low maintenance, air bearing, low NOx emissions, and generally serves as a recuperator. Most of the design characteristics of general gas turbines are reflected, and operational reliability and maintainability are good, so it is widely used in distributed generation systems [8]. Typical MGTs have a pressure ratio of 3 to 5 and an efficiency of 25 to 30%. In the case of the United States, research was conducted to develop an MGT system with an efficiency of 40% led by the DOE (Department of Energy) [9]. In Korea, the development of tens to hundreds of kW class micro gas turbines is also planned [10]. A suitability analysis for commercial micro gas turbines was also performed [11,12,13]. Methods to improve performance are also being studied [14,15]. In this study, development is underway intending to commercialize a 300 kW micro gas turbine engine.



In particular, the design of a low-NOx combustor has become a very important research subject [16,17]. As the main cause of NOx generation is the high combustion temperature due to the rich mixture formed in the combustion chamber, the solution is the optimum design of the first to third compressed air supply zones configured in the inner combustor liner [18,19]. In particular, the combustion temperature in the first combustion zone is affected by the generation characteristics of the mixed gas [20,21].



This study aims to develop an optimal fuel injector for the combustion chamber of a 300 kW class MGT engine under development. The shape of the nozzle hole formed on the surface of the fuel injector is the critical parameter of the fuel injector design for the formation of the well-mixed homogeneous gas charged in the combustion chamber.



In here, four different model injectors were designed with different nozzle hole shapes on the wall of the injector. For the analysis of the pre-mixed and diffusion characteristics of the mixed gas in the primary combustion zone of each model injector, penetration length (   l P   ), diffusion angle (θ), and volume flow rate (    Q ˙  f   ) of the injected fuel were analyzed and quantitatively compared to each other to find the optimized model.



For this numerical study, a general-purpose commercial CFD code, PHOENICS (ver. 2020) from CHAM, which applies the FVM (finite volume method), was used for the numerical calculation of the turbulent incompressible flow field [22].




2. Specification of the Model Combustor with the Fuel Injector


2.1. Structure of the Combustion Chamber of the Model MGT Engine


Figure 1 is a prototype model for testing the designed MGT engine combustion chamber. Compressed air is supplied by a blower to generate mixed gas in the combustion chamber. Combustion of the mixed gas starts through the ignition device. After combustion, the energy of the exhaust gas rotates the turbine wheel, and the air sucked in by the compressor is compressed and sent to the combustion chamber.



Figure 2 shows a schematic of the combustion chamber applied to the model MGT engine. It uses gaseous methane (CH4) as the fuel, which is injected into the combustion chamber at a pressure of 6~9 bar through the injection port of the fuel injector. Compressed air is supplied into the combustion chamber in two ways, in this case through the first and second airlines. The first compressed airline is for mixed gas formation to start combustion, and the second airline supplies air through the side duct of the combustion chamber for the main combustion and cooling of the combusted gas before the compressor turbine [21,23]. The compressed air through the first line passes through a swirler and mixes with the fuel at the exit of the injection ports to generate the mixture for combustion.




2.2. Geometry of the Model Fuel Injector


Figure 3 shows the configuration of the model fuel injector applied to the model MGT engine. It has five rows of injection ports, and each row has four ports with the same diameter (5.35 mm). As fuel goes through the port, the fuel particles encounter the swirled air particles at the port’s exit to form the mixed gas. To ensure a well-mixed gas for higher combustion efficiency in the combustion chamber, three factors should be noted: penetration, diffusivity, and the fuel flow rate at the given injection condition.





3. Governing Equation and Analysis Conditions


3.1. Governing Equation


Three-dimensional Navier–Stokes equations were solved with the KECHEN turbulent model (Chen-Kim κ-ε model) [22], which is a modified standard κ-ε turbulent model. The turbulent no-slip condition near the solid surface was modeled by the log law.



The Chen-Kim κ-ε model is believed to improve the dynamic response of an epsilon equation by introducing an additional time scale and source term. In addition, several of the standard-model coefficients are adjusted so that the model maintains a good agreement with the experimental data on classical turbulent shear layers [22,24].



The injection pressure of the model injector was set to 100 kPa, and the fuel injection speed at the nozzle exit was less than 30 m/s due to the flow resistance in the flow channel of the injector; thus, the flow in the control volume was assumed to be an incompressible flow.



For simplification of the boundary conditions for the analysis, the airflow field was defined as follows.



	
Three-dimensional steady flow.



	
Incompressible and turbulent flow.



	
Isothermal flow.






To determine the convergence of the calculation result, calculations were repeatedly performed until the residual fraction of each variable fell to 10−4% or less. The governing equations for the simulation of the turbulent flow field are as follows [25].



	(1)

	
Continuity equation:


    ∂  U i    ∂  x i    = 0  



(1)








	(2)

	
Momentum equation:


   ∂  ∂  x j    (  U i   U j  ) = −  1 ρ    ∂ P   ∂  x i    +  ∂  ∂  x j     [  v  (    ∂  U i    ∂  x j    +   ∂  U j    ∂  x i     )  −    u i   u j   ¯   ]  −  g i   



(2)




where   −    u i   u j   ¯  =  v t   (    ∂  U i    ∂  x j    +   ∂  U j    ∂  x i     )  −  2 3  k  δ  i j    ,    δ  i j   = 1    if    i = j    and     δ  i j   = 0    if    i ≠ j  



where  u  is the particle velocity vector and g is the gravity vector.




	(3)

	
Extended k-ε closure turbulent model (KECHEN) equation.


   ∂  ∂  x i    (  U j  k ) =  ∂  ∂  x i     [   (  v +    v t     σ k     )    ∂ k   ∂  x j     ]  + G − ε  



(3)




where   G = −    u i   u j   ¯    ∂  U i    ∂  x j     ,     v t  =  C μ     k 2   ε   ,    C μ  = 0.09  



where k is the turbulent kinetic energy and ε is the energy dissipation rate.




	(4)

	
Energy dissipation equation:


   ∂  ∂  x i    (  U j  ε ) =  ∂  ∂  x i     [   (  v +    v t     σ ε     )    ∂ ε   ∂  x j     ]  +  ε k  (  C  ε 1   G ) −  C  ε 2      ε 2   k  ) +  C  ε 3    f 1     P k    2   K   



(4)




where (   C μ  = 0.09 ,    C  δ 1   = 1.15 ,  C  δ 2   = 1.9 ,    C  δ 3   = 0.25 ,  σ κ  = 0.75 ,    σ δ  = 1.15  )








3.2. Numerical Domain and the Optimized Grid


A solid model of the fuel injector was created using ProEngineer (Ver. 5.0), a general-purpose 3D CAD program, and the solid model was imported into the numerical domain to create a hexagonal grid in the Cartesian coordinate system [26,27].



Figure 4a shows the computational domain size for the numerical analysis. To increase the reliability of the simulation result, a sufficient domain size was utilized for the region around the model fuel injector so that the flow field would sufficiently develop within the test volume.



Figure 4b shows a typical numerical grid used to analyze the generation character-istics of mixed gas in the combustion chamber. The optimum grid size in the control volume was determined to be (84 × 145 × 84) which showed y+ = 1 of the first grid element in the near-wall layer through a grid test [28].




3.3. Boundary and Initial Condition


Methane in a gas phase is injected into the airfield in the combustion chamber; thus, this is a single-phase flow problem. When fuel is completely burned, the air–fuel ratio is calculated as 17.2:1, and the injection speed is defined as 300 m/s as shown in Table 2. All of the domain surfaces were defined as an ambient pressure condition.




3.4. Configuration of the Model’s Nozzle Port


In this study, the shape of the nozzle port is the prime variable with which to analyze the characteristics of the mixture gas formation for higher combustion efficiency in the model MGT engine [29,30].



Table 3 shows the four different shapes of the nozzle port. Model 1 is a base model in which the injection nozzle hole is drilled in the vertical direction toward the injector surface, and the port has a sharp right-angle edge. In Model 2 to Model 4, the shape of the inlet and outlet of the port is rounded with a radius of curvature of 1 mm to obtain different characteristics of mixture formation in the combustion chamber.





4. Results and Discussion


The effect of the port shape of the injection nozzle on the mixture gas generation in the model combustion chamber was analyzed. To analyze the formation characteristics of a homogeneous gas mixture, the following parameters of the injected fuel were analyzed in the mixing zone in the vicinity of the exit of the injection nozzle [31].



	
Penetration.



	
Diffusivity.



	
Volume flowrate of the injected fuel.






4.1. Flow Phenomena of the Mixed Gas at the Exit of the Injection Ports


Figure 5 shows the fuel injection phenomenon around the fuel injector (Model 1). The right picture shows the side view of the injection injector, and it found that the fuel injected into the air through the nozzle ports mixes with the surrounding air to create a mixed gas and diffuses into the combustion chamber. However, more fuel is injected at the fifth row of the ports due to the higher accumulated injection pressure at the lower part of the fuel injector, as in Figure 6. The penetration length and the divergent angle of the mixed gas seriously affect the higher combustion efficiency of the combustor.




4.2. Analysis of Simulation Results


To evaluate the performance of the fuel injector of the model MGT engine, four parameters—the penetration, diffusivity, vaporization for mixing, and the volume flow rate of the injected gas fuel—are estimated. However, methane (CH4) in the gas phase is used as fuel. Thus, vaporization is not a considerable parameter in this study. The diffusion angle (θ) and the penetration length (   l p   ) of the mixed gas in the combustion chamber are defined as shown in Figure 7.



The penetration, diffusivity, and the volumetric flow rate of the mixed gas in the flow domain were compared for the four different model injectors to compare the formation characteristics of the mixed gas.



Figure 7 shows the contour plot of the injection velocity around the nozzle holes in the fifth row. The length from the center of the nozzle to the endpoint of the fuel particles in the horizontal direction was defined as the penetration length (   l p   ), and the maximum spreading angle through the nozzle hole was defined as the diffusion angle (θ). The penetrability, diffusivity, and volume flow rate of fuel injected from each model injector were analyzed and compared to evaluate the mixed gas formation characteristics in the chamber:


   R p  =    l p     R  l i n e r      



(5)




where    R  l i n e r     is the radius of the liner, which is the inner cylinder in the combustion chamber.



Figure 8 shows the changes of the    R p   , which indicates the penetration rate of the mixed gas for each nozzle model. Model 3 showed the biggest    R p   . If the injection distance is greater, it is advantageous for the homogenization of the mixed gas inside the combustion chamber.



Figure 9 compares the diffusion angle (θ) of the injected fuel for each nozzle model. The Model 3 injector has the widest diffusion angle, and it is observed that this works favorably for a homogeneously mixed gas spread widely in the combustion region for a higher combustion speed in the combustion chamber.



Figure 10 compares the amount of fuel injected into the air for each nozzle model. The injected fuel flow rate of Model 3 is the highest among the model injectors. It has 5% more fuel injected into the domain than the base Model 1. Thus, it is assumed that the injection performance of Model 3 is advantageous for the generation of higher output power.





5. Conclusions


In this numerical study, the characteristics of mixed gas formation, which affects the combustion efficiency and out-power, were analyzed to obtain the optimum fuel injector design of a 300 kW class MGT engine under development.



For the analysis of the mixed gas formation characteristics of four different models of the injection port of the fuel injector developed in this research, three physical parameters—penetrability, diffusivity, and volume flow rate of injected fuel—were analyzed and compared. The results of the study are summarized below.



(1) Model 3, with a rounded inlet surface, injects the mixed gas farthest and widest in the combustion region among the models tested here at the given injection speed. It is expected that the flame propagates deeper and wider into the combustion chamber with a strong flame front, resulting in higher combustion efficiency in Model 3.



(2) The volume flow rate of the injected fuel affects the combustion temperature and pressure in the combustion chamber, and it is directly related to the output power of the power turbine of the model MGT engine. Here, it was found that Model 3 has the highest fuel mass flow rate injected into the combustion chamber among the model injectors tested, and it has 5% more fuel injected into the combustion chamber than the base Model 1.



Overall, the Model 3 injector, with its rounded inlet surface, was found to be the best fuel injector for the generation of a homogeneously mixed gas formation for higher combustion efficiency and a higher mass flow rate of fuel injected into the chamber for a higher output power of the model gas turbine engine tested in this study.
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Figure 1. Photo of the test rig of the 300 kW model micro gas turbine engine. 






Figure 1. Photo of the test rig of the 300 kW model micro gas turbine engine.
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Figure 2. A cutaway view of the combustion chamber of the model MGT engine with the fuel injector. 
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Figure 3. Schematic of the model injector with the ports and its dimension. 
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Figure 4. Numerical domain and the optimized numerical grid: (a) domain size: 0.415 m × 0.3 m × 0.415 m, and (b) typical numerical grid (84 × 145 × 84). 
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Figure 5. Flow phenomena of the mixed gas around the model fuel injector (Model 1) at 300 m/s inlet velocity. 






Figure 5. Flow phenomena of the mixed gas around the model fuel injector (Model 1) at 300 m/s inlet velocity.



[image: Fluids 07 00184 g005]







[image: Fluids 07 00184 g006 550] 





Figure 6. Variation of the fuel pressure inside the injector with distance. 






Figure 6. Variation of the fuel pressure inside the injector with distance.



[image: Fluids 07 00184 g006]







[image: Fluids 07 00184 g007 550] 





Figure 7. Two-dimensional view of mixed gas formation around the injection port at the 5th row; (diffusion angle (θ), penetration length (   l p   )). 
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Figure 8. Comparison of    R p    of the injected fuel in the domain at the inlet velocity of 300 m/s. 
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Figure 9. Comparison of diffusion angles of the injected fuel in the domain at an inlet velocity of 300 m/s. 
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Figure 10. Comparison of the volume flowrate of the injected fuel in the domain at an inlet velocity of 300 m/s. 
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Table 1. Maximum thrust of various engine classes.






Table 1. Maximum thrust of various engine classes.





	Engine Class
	Micro
	Mini
	Small
	Medium
	Large





	Max.

Thrust (lb)
	<10
	10 to 100
	100 to 1000
	1000 to 10,000
	>10,000
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Table 2. Boundary and initial condition.






Table 2. Boundary and initial condition.





	Boundary Surface
	Condition





	Inlet
	Inlet velocity (300 m/s) of methane (CH4) at the injector inlet



	Side and top surfaces
	Atmospheric pressure (ambient condition)



	Nozzle surface
	No slip on the surface
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Table 3. Configuration of the different nozzle holes (unit: mm).






Table 3. Configuration of the different nozzle holes (unit: mm).





	
Shape of the Nozzle Hole and Its Size (R1 = 1 mm)






	
Model 1

(sharp-edged)

	
 [image: Fluids 07 00184 i001]

	
Model 2

(round-edged at exit)
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Model 3

(round-edged at inlet)
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Model 4

(round-edged for both)
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