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Numerical Simulation of Fuel Injection for Mach 10-12 Missiles  Introduction  Program Objective and Approach  Solution Procedure – Physical Model – CFD Model – Boundary Conditions



 Results – Multiple Fuel Jet Flow Interaction Characteristics – Jet Penetration and Mixing – Fuel Distribution and Overall Combustion



 Summary and Future Work 2



MSE Scramjet Technology Development Program  Aims to support design and testing efforts in-house and elsewhere.



 Currently focused on injection and mixing studies to achieve stable ignition and flame holding, and ensuring efficient combustion within practical combustor length.  CFD models for multi-phase, chemically reacting flows to serve as primary scramjet engine design and analysis tool to provide for inlet-tonozzle scramjet simulation.
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MSE Scramjet Technology Development Program 



Near Term Objectives:



 Simulate high speed reacting flow processes for application to Mach 10-12 scramjet-powered missile.  Develop fuel injection technique to maximize combustion efficiency.



MSE Mach 10-12 Missile Concept



Inlet Flow Model of MSE Mach 10-12 Missile



Scramjet Combustor Fuel Injection - MSE Mach 10 Missile 4



Idealized M10-12 Missile



FREESTREAM



BURNER - STATION 3



Mo = 12 To = 227.68 K Po = 965 Pa qo = 97.27 kPa



M3 = 4.7 T3 = 1300 K P3 = 50.81 kPa U3 = 3415 m/s
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3-D Physical Model



3-D Computational Domain



y x



L = 0.305 m 0.0762 m  0.07 m 6



Research Objectives 



Gain a better understanding of dominant features that govern multi-fuel jet mixing and combustion in reacting flowfields created by transverse sonic hydrogen injection into Mach 4.7 airstream.







Physical Model represents a 3-D combustor slice with two transverse multiple fuel injector configurations.



  



Injection Angle  = 90° for all cases Jet to freestream momentum flux ratio J = 0.58 Substoichiometric fuel/air ratio,  = 0.78







Performance measures – – – – –



Jet Penetration Plume Expansion Fuel Concentration Decay Overall Mixing and Combustion Characteristics Pressure Loss
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Multiple Injector Configuration x = 0.1 m



x = 0.1 m



M3= 4.7



 One-Row Injection: three equally spaced fuel orifices spanning the bottom combustor wall, at x = 0.1 m from entrance.



Spacing between adjacent injectors is s/d = 1.63  Staggered Injection: a row of two fuel orifices at x = 0.1 m, and a third orifice positioned 2.5 cm downstream. Spacing between adjacent injectors in first row is s/d = 1.96, and spacing between the aft injector and the forward row is s/d = 3.7 8



Solution Procedure  Flowfield described by 3-D Navier-Stokes, energy, and species continuity equations governing a multiple species fluid undergoing chemical reaction, solved with VULCAN code.  VULCAN (Viscous Upwind ALgorithm for Complex Flow Analysis) is a turbulent, non-equilibrium, finite-rate chemical kinetics, Navier-Stokes flow solver for structured, cell-centered, multi-block grids.  Turbulent flow solved with Menter k-w turbulence model.  Hydrogen-air combustion simulated with NASA 7 species / 7 reactions kinetics model.



 No artificial ignition source is used to initiate reactions. VULCAN code maintained and distributed by Hypersonic Air Breathing Propulsion Branch of NASA Langley Research Center. 9



Results of Transverse Multiple Jet Fuel Injection  Multiple Fuel Jet Flow Interaction Characteristics  Jet Penetration and Mixing  Fuel Distribution and Overall Combustion  Wall Pressure Schematics from Gruber, et al., WL-TR-96-2102



Schematic from S.-H. Lee, J. P&P, 2006 10



3-D Flow Structure: One-Row Injection



x-y slice cuts through the middle injector in the row (mid z-plane) 11



3-D Flow Structure: Staggered Injection



x-y slice cuts through the spacing between two front injector and through middle of last injector (mid z-plane) 12



Jet Penetration 



Vertical height from the base of an injector to the edge of the mixing region where the fuel mass fraction is one half of one percent, y / d = f (J). One Row Injection x/d=7.5
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One Row Injection x/d=30



y/d



Staggered Injection x/d=7.5 Staggered Injection x/d=30
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* Heiser & Pratt, Hypersonic Airbreathing Propulsion, AIAA Education Series (1994) 13



Transverse Jet Penetration Correlations



y x  3.87  J 0.3   d d 



0.143



Rogers (1971) Ref. Gruber, et al.WL-TR-96-2102



 y x   J 0.344 ln 2.08    2.06  McDaniel & Graves (1988) d d  



 x  y   1.23     d eff  J  d eff  J 



0.344



Gruber, et al. (1995)



J



( u 2 ) j (  u 2 )







( p M 2 ) j ( p M 2 )  14



Jet Penetration 6
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Plume Expansion  



Mixing is also characterized by the rate of plume expansion in the chamber. For a lateral array of injectors, the axial distance where adjacent fuel plumes merge is an indicator of the expansion rate.



One Row Injection



Staggered Injection
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Multiple Fuel Injection Combustion: One-Row Injection
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Multiple Fuel Injection Combustion: Staggered Injection
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Wall Pressure  



Wall pressure profile along midplane of combustor (pw at z = 0.013 m) At combustor exit plane pressure ratio is computed to be – pw/p3 = 0.80 for one-row injection – pw/p3 = 0.90 for staggered injection 12 P/P3 10



One Row Injection Staggered Injection
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Summary  The 3-D flowfield and combustion resulting from H2 fuel injection through multiple wall-mounted orifices was characterized.  No artificial ignition source was used.  Complexities of the high-speed reacting flow were simulated effectively, revealing significant interaction by the proximity of fuel jets that promoted mixing with the Mach 4.7 airstream.  Jet penetration, mixing characteristics, and degree of reaction appear to be related to the degree of interaction among the jets. Staggered jets produced better penetration, as compared to the case when jets were aligned in a straight row.  Extent of fuel-air mixing has yet to be optimized. 20



Future Work  Next Research Phase includes: – Simulation of multiple injectors in an axisymmetric combustion chamber designed to fit missile geometry. – Analysis of the effectiveness of wall cavities as flameholders and to stabilize combustion. – More advanced, multi-block grids will be used. – Block level parallelization using VULCAN’s MPI capability will be used.  Assessment and optimization of injection configurations.  Design Criteria for Mach 10-12 scramjet engine to be developed with arrangement of H2 fuel injectors that yields shortest mixing and combustion length and better overall efficiency.



MPI = Message Passing Interface 21
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