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Abstract

:

This paper presents the effect of cavity-based injection in an axisymmetric supersonic combustor using numerical investigation. An axisymmetric cavity-based angled and transverse injections in a circular scramjet combustor are studied. A three-dimensional Reynolds-averaged Navier–Stokes (RANS) equation along with the k-ω shear-stress transport (SST) turbulence model and species transport equations are considered for the reacting flow studies. The numerical results of the non-reacting flow studies are validated with the available experimental data and are in good agreement with it. The performance of the injection system is analyzed based on the parameters like wall pressures, combustion efficiency, and total pressure loss of the scramjet combustor. The transverse injection upstream of the cavity and at the bottom wall of the cavity in a supersonic flow field creates a strong shock train in the cavity region that enhances complete combustion of hydrogen-air in the cavity region compared to the cavity fore wall injection schemes. Eventually, the shock train in the flow field enhances the total pressure loss across the combustor. However, a marginal variation in the total pressure loss is observed between the injection schemes.
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1. Introduction


Supersonic air-breathing engines are the future of high-speed transportation vehicles. Recent studies have witnessed significant progress in the research on scramjets since it is the most suitable and promising engine for the air-breathing hypersonic propulsion [1,2]: the greater specific impulse makes the scramjet appealing for civil and military applications [3]. However, the issues employing supersonic combustion are still unsolved: fuel and oxidizer must mix, ignite, and burn in a very short time, i.e., in a reasonable length avoiding strong shocks within the engine [4]. The crucial and complex task in the design of a scramjet is achieving proper and fast fuel–air mixing, good combustion efficiency, and optimum total pressure losses to make the energy provided by the combustor overcomes the drag forces experienced at high velocities. An effective fuel/air mixing and combustion are hard to achieve in scramjets since the residence time is of the order of milliseconds. Previous research efforts have mainly concentrated on injection techniques to maximize the mixing characteristics [5,6]. To design an efficient fuel injector, mixing, combustion, as well as total pressure losses, must be investigated: in fact, there is always a trade-off between the penetration of fuel jet and losses in stagnation pressure since high injection angles lead to strong bow shock which enhances vorticity and mixing inside the flow but also strongly affects the total pressure los, Deep understanding is, therefore, necessary to answer these key issues.



Several injection strategies have come up with a special interest in generating streamlined vorticity. This is achieved by establishing pressure and density gradients, e.g., employing strategic injector design configurations, such as strut, wall, or swept ramp injectors, transverse, swirl, and cavities [7,8,9,10], which allow the baroclinic waves to arise. A common and simple approach is normal injection through a wall orifice. Before the fuel jet, a bow shock arises due to the obstruction of the free stream by the propellant jet. A barrel shock occurs if the jet is under-expanded and will be terminated by a Mach disk. The high pressure of the fuel jet causes an unfavorable pressure gradient to exist within the boundary layer upstream of the injector causing a separation zone upstream of the injector [11,12,13]: this region helps to stabilize the flame and achieve mixing; however, this is at the cost of significant total pressure loss.



On the other end, the effect of the bow shock could be reduced by lowering the injection angle (30 and 60 rather than 90 degrees) in a supersonic flow, which results in a reduction of total pressure losses. The axial momentum of the jet also helps to maximize the net thrust. Conclusions made by researchers [14,15] in the case of angled injection stated that the auto-ignition and flames stabilization problems in the scramjet engines could be reduced especially below Mach 10. In recent years, cavities in supersonic combustion chambers have been proposed as a new concept to hold and stabilize the flame. Xing et al. [16] examined the impact of cavity stream on the performance of scramjet combustors. Further studies [17,18,19] showed that using a cavity after the injector significantly improves the combustion efficiency in a supersonic flow. The effect of sub-cavity in a supersonic cavity flow was studied by Panigrahi et al. [20], who noted that the sub-cavity mitigates the shear layer reattachment at the aft wall of the cavity.



Injecting the fuel upstream of the cavity reports better penetration and mixing and distributes the fuel not only into the main stream but also the cavity. Eventually, most of the oxygen is consumed which improves the efficiency of the combustion [21]. The cavity draws the fuel and air into it to improve the mixing by creating recirculation regions and by holding the products of reaction to stabilize the flame. Barnes et al. [22] stated that injection from the cavity floor makes a more uniform mixing than injecting from the front wall, which made an extremely rich fuel mixture inside the cavity, over the upper combustibility constrain. In the study of Lin et al. [23], it is observed that the distribution of the fuel into subsonic regions of the cavity depends on the injector location upstream of the cavity. From the study, Wang et al. [24] stated that the pressure ratio of fuel to the mainstream plays a significant role in the stabilization modes of the flame in a cavity-based combustor with upstream injection.



The inclined injection upstream of the cavity reports lower total pressure losses compared to 90 degrees injection and consists of the flame inside of the cavity [25,26]. The mixing of the fuel–air and the efficiency of the combustion is affected by certain factors in case of the injection upstream of the cavity like fuel jet parameters, fuel jet-cavity interaction, and penetration extent of fuel jet [27,28,29]. Jeong et al. [30] performed three hydrogen injection strategies in a cavity-based scramjet combustor. They reported that upstream injection enhances the fuel diffusion and shorter ignition delay compared to the parallel injection.



From the open literature, it is perceived that injection integrated with cavity encounters the critical characteristics of uniform mixing, flame holding, and stabilization mostly in 2D combustors. The works of literature related to the performance of circular combustor using axisymmetric cavities in a reacting supersonic flow field is scant. This paper investigates the effect of different injection strategies in an axisymmetric cavity-based circular scramjet combustor in a reacting flow field. Three injection schemes are incorporated within the cavity, and the performance is compared with the upstream injection. The performance of the scramjet combustor has been evaluated in terms of wall static pressure, hydrogen and water mass fractions, and combustion efficiency, as well as total pressure loss.




2. Numerical Methods


A 3D RANS equation and k-ω SST turbulence model [31] have been used to predict the flow field into the combustion chamber employing the commercial code ANSYS Fluent software. A density-based (coupled), implicit, and double-precision scheme has been used to solve the differential governing equations. Quick convergence is achieved by considering a second-order upwind scheme with an advection upstream splitting method (AUSM) flux vector. Eddy dissipation model has been taken into account for the reactions. The flow is compressible and obeying the laws of an ideal gas. The eddy-dissipation model [32] has been implemented to solve the turbulence–chemistry interaction. A single-step hydrogen–air mechanism has been implemented:


2H2 + O2 → 2H2O











The solutions may be assumed as converged when the residuals have reached their minimum values after declining more than three orders of magnitude, and the deviation between the measured inflow and the outflow mass flow is expected to come down below 0.1%.



2.1. Geometry Modeling


2.1.1. Computational Domain


The configuration consists of an axisymmetric combustor with a cavity as shown in Figure 1 [33]. The diameter of the inlet is 26 mm, and the whole length of the combustor is 135 mm. Since the ratio between the length and the height of the cavity, L/D, is less than 10, this is called an open cavity. The aft wall of the cavity is divided into two consecutive angles, which are 30° and 15°. Four equi-spaced injectors of 1 mm diameter, placed at four different locations (namely, injection into the cavity at a 45 degree angle, (case 1); injection inside the cavity parallel to the flow, (case 2); transverse injection at the cavity bottom wall (case 3); and injection at a 30 degrees angle upstream of the cavity (case 4)), have been investigated.



An isolator of length 30 mm and diameter of 26 mm has been placed in front of the combustor to mitigate the effect of the shock train. A divergence of 3 degrees at a distance of 15 mm from the inlet is introduced to avoid thermal choking.




2.1.2. Boundary Conditions


The combustor inlet conditions are those of the experimental test bench in Reference [34]. The inlet conditions of air and hydrogen are reported in the Table 1. No-slip condition is taken into account for the fixed walls.




2.1.3. Grid Independence Study


A three-dimensional unstructured grid has been generated using ANSYS Workbench to resolve the flow field in the circular scramjet combustor with an axisymmetric cavity. To optimize the grid resolution and reduce the computational cost and time, three different grid sizes were adopted, namely coarse (140,253), medium (228,607), and fine mesh (330,112). The y+ value is less than 1.0 for the entire flow field, which corresponds to the 0.001 mm height of the first-row cell. Wall static pressure along the flow direction of the scramjet combustor is considered as a measure for the grid analysis. The results, in Figure 2, show that the deviation between medium and fine grid lies within 1% in terms of wall static pressures. According to the results, it can be stated that medium and fine meshes provide almost identical results compared to the coarse mesh, and the medium mesh is sufficient to carry out the numerical analysis to have a balance between results’ accuracy and computational time.






3. Results and Discussion


3.1. Validation


Since only non-reacting experiments are performed in Reference [33], the validation of numerical simulations with experimental data has been carried out for similar conditions [35]. The wall static pressures along the flow direction and the momentum distribution at the exit of the combustor in the radial direction of the flow are compared. A good agreement is observed between numerical and experimental results (Figure 3), and further investigation is performed in the reacting flows with this confidence.




3.2. Flow Field Analysis


The numerical analysis of the scramjet combustor with four different injection angles and locations has been performed. Their respective results have been compared to investigate the implications of these injection strategies in the supersonic flow field and to optimize the injection scheme for the scramjet combustor. Figure 4 shows the Mach number contours for the four injection schemes. In case 1, a 45 degree angled injector is placed at 3 mm on the leading wall of the cavity along the radial direction. The fuel jet enters into the cavity where the flow within the cavity region is subsonic. A 3D Mach disc arises inside the combustor, in the central region, 16 mm downstream the cavity, due to the interaction of the mainstream with fuel jet-induced oblique shocks. A shock train influences the Mach number in the combustor central region, all over the cavity, due to the reflection of strong oblique shocks on the cavity’s bottom and top shear layers. For the parallel injection, in case 2, it was observed that flow is supersonic throughout the combustor in the central region and the Mach disc does not arise. This results in low losses in total pressure and a minimum increase (see Figure 7) of the static pressure. In case 3, the transverse injector is located in the cavity at 10 mm downstream of the inlet.



The transverse hydrogen injection leads to the formations of strong oblique shocks and the Mach disc located at 12 mm downstream of the cavity leading edge, between the leading edge and the injectors, i.e., 12 mm upstream of the injection location. The majority of the fuel entered the central region due to normal injection into the cavity. This impact narrows the core flow region all along the cavity. In case 4, a Mach disc arises at 12 mm from the fuel injection, at the beginning of the cavity region.



Figure 5 shows the recirculation regions at the various axial planes along the length of the combustor. For case 1, the shear layer separation and reattachment of the flow due to the cavity increase the entrainment of the hydrogen, and air enters into the cavity. The oscillations developed by the cavity enhance the mixing and subsonic regions inside the cavity increases the residence time. In case 2, since the fuel jet moves parallel to the mainstream and the injector is located on the cavity wall, most of the fuel enters into the cavity region (see also Figure 8). In case 3, where the fuel enters in the normal direction to the air, the H2 jet separates the recirculation zone inside the cavity into two regions, and counter-rotating vortices are formed. These counter-rotating vortices enhance mixing in the cavity region and also the combustion efficiency. Figure 6 shows that the injection of the fuel upstream of the cavity induces the separation of the boundary layer: this plays an important role in generating large recirculation regions within the cavity. The effect of the cavity in cases 3 and 4 is significant in terms of fuel–air mixing and flame-holding compared to other cases.




3.3. Wall Static Pressure


Figure 7 shows the wall pressure distributions for the different injection strategies. The interaction between shocks, fuel jet, and shear layer led to different peaks of wall static pressures along the combustor for the four cases. It is well known that the shear layer separation and reattachment from the cavity leading and trailing edges of the cavity enhance the wall pressure of the combustor [36]. Among all cases, in case 2, parallel injection reported less wall static pressure throughout the combustor compared to other cases. The parallel injection into the cavity enhances the recirculation resulting in the reduction of wall pressures. The shock train induces the wall pressure rapid changes. In case 3, the transverse fuel from the bottom wall of the cavity generates counter-rotating vortices within the cavity. The interaction of the hydrogen jet with the air stream causes the oblique shock formation and reflection through the top and the bottom shear layer and also the formation of the Mach disc downstream of the cavity leading edge. A peak wall pressure is noted at the trailing wall of the cavity due to strong reattachment of the shear layer, leading to an increase in static pressure. Even though case 1 and case 4 are both inclined injections, different wall pressure profiles are shown in Figure 6 due to the strength of the recirculation and shear layer reattachment in the cavity region. In case 1, a 3D Mach arises downstream of the cavity leading edge, and the shock train increases the wall static pressure all along the cavity. In case 4, with upstream injection, high wall pressures arise upstream of the cavity due to the strong interaction between the fuel jet, the induced shocks, and the shear layer and the Mach disc located upstream of the cavity. Ultimately, shock train plays a key role in the pressure rise inside the cavity.




3.4. Mass Fraction of H2 and H2O


Figure 8 and Figure 9 show the hydrogen and water mass fraction contours, respectively. The jet penetration into the core flow is enhanced by the transverse injection upstream of the cavity. In case 1, the transverse injection at the leading wall of the cavity enhances the hydrogen distribution over the entire cavity region; however, the penetration is not enhanced into the core flow as expected. The fuel jet penetration is low for the parallel injection, i.e., case 2, since the jet moves parallel to the mainstream. Nevertheless, the radicals of reactants have inhabited the entirety of the cavity that could help hold the flame, as observed from the H2O mass fraction contour.



In case 3, the normal injection into the cavity disturbs the core flow and the cavity is completely occupied by the products of the reactants. The mixing and combustion of the fuel–air mixture are completed within the cavity region, which is observed from the mass fraction contour. The upstream transverse injection in case 4 the bow shock caused by H2 injection, interacts with the shear layer as well as the separated boundary layer leading to effective mixing of the fuel into the air throughout the combustor: it is visible from the water mass fraction. The jet penetration into the core flow is enhanced inside the scramjet combustor. The injection of H2 upstream of the cavity plays a significant role throughout the combustor for the distribution of H2 and water into the main flow across the overall length of the combustion chamber.




3.5. Temperature Distribution


The static temperature contour for the various injection schemes is shown in Figure 10. The peak temperature distribution is observed for case 4, where maximum temperature distribution is observed in the cavity region, indicating that almost complete combustion is achieved within the cavity regime. Similarly, in case 3, the transverse injection at the bottom wall of the cavity generates counter-rotating vortices within the cavity that enhance mixing and combustion downstream of the injection location in the cavity region. However, in case 1, a uniform heat release is noted from the injection location to the outlet of the combustor. Conversely, the parallel injection in case 1 provides less temperature distribution compared to all other cases indicating that complete combustion could not be attained within the axial length of the combustor.




3.6. Combustion Efficiency


The combustion efficiency through the combustor for various fuel injection strategies is shown in Figure 11. Case 3 and case 4, normal injection from the bottom wall of the cavity and upstream angled injection from the cavity exhibit complete combustion nearly at a distance of 110 mm. In these cases, 100% combustion is achieved. However, an inclined injection into the cavity (case 1) provides nearly 90% combustion efficiency over the entire length of the combustor. However in case 4, the parallel injection into the cavity was not able to burn the fuel completely within the combustor length and recorded 80% combustion efficiency.




3.7. Total Pressure Loss


The total pressure loss across the various axial lengths of the combustor for different injection schemes is shown in Figure 12. The parallel injection from the cavity fore wall in case 2 provides less total pressure loss than other injection cases. This is due to the less interaction of the fuel jet with the core flow in the cavity region. The inclined injection from the fore wall of the cavity provides a much stronger impact on the core flow resulting in an increase in the total pressure loss. The transverse injection from the cavity bottom wall in case 3 provides active counter-rotating vortices in the cavity creates more interaction with the core flow leads to an enhancement in total pressure loss in the cavity region compared to the other cavity injection. The angled injection upstream of the cavity in case 4 issues higher total pressure loss than injection within the cavity cases. The formation of bow shocks from the injection location interacts with the core flow resulting in the formation of a shock train in the cavity regime, resulting in a reduction of total pressures. However, the total pressure loss across the combustor is almost identical for all the injection cases with a marginal variation of less than 5%.





4. Conclusions


The computational studies on various injection schemes in an axisymmetric cavity-based scramjet are analyzed using the commercial code ANSYS Fluent software. A three-dimensional RANS equation along with k-ω SST turbulence model and species transport equations are used to analyze the performance of the injection strategies in the scramjet combustor. The numerical results are validated with the experimental data of the non-reacting flow studies. The key parameters are wall static pressure distribution, combustion efficiency, and total pressure loss across the combustor. The major conclusion of the study are:




	
The angled transverse injection upstream of the cavity provides a higher wall pressure profile in the cavity region, indicating that the shock waves generated from the injection location interact with the core flow to create a shock train in the cavity region which creates a compressive zone compared to other cases. The transverse injection at the bottom wall of the cavity provides higher wall pressures in the cavity region compared to the fore wall injection schemes.



	
The temperature contour reveals that the upstream and bottom wall injections of the cavity provide higher temperature distribution within the entire cavity, indicating that complete combustion of the hydrogen-air mixture is achieved compared to the injection at the fore wall of the cavity.



	
The almost complete combustion is achieved within an axial distance of approximately 110 mm from the combustor inlet by the upstream and bottom wall injection of the cavity.



	
The total pressure loss across the combustor is almost identical for all the injection schemes within a marginal variation of less than 5%. From the above observations, the upstream angled injection and bottom wall injection of the cavity provide an enhancement in combustion and flame-holding capabilities with optimum total pressure loss compared to the other injection schemes. These results would be an encouraging pointer for the circular scramjets of hypersonic propulsion applications. The performances of the injection schemes under varying injection pressures and fuel equivalence ratios are considered for future studies.
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Nomenclature




	Ma
	Mach number



	ρ
	Density (kg/m3)



	p
	Static pressure (Pascal)



	P
	Total pressure (Pascal)



	t
	Static temperature (K)



	T
	Total temperature (K)



	k
	turbulence kinetic energy



	ω
	specific dissipation rate



	YH2
	Mass fraction of hydrogen



	YO2
	Mass fraction of oxygen



	YH2O
	Mass fraction of water
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Figure 1. The computational domain of the scramjet combustor. 
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Figure 2. Grid convergence study: static pressure across the bottom wall of the combustor. 
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Figure 3. Validation of numerical results with experimental data. 
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Figure 4. Mach number contour of various injection schemes. 
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Figure 5. Velocity streamlines of the four injection cases. 
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Figure 6. Vorticity contour at the various axial length of the combustor. 
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Figure 7. Different combustor geometries static pressure distribution. 
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Figure 8. Hydrogen mass fraction contour for the injection schemes. 
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Figure 9. H2O mass fraction contour for various injection schemes. 
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Figure 10. Temperature contour for the various injection schemes. 
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Figure 11. Combustion efficiency across the axial lengths of the combustor for different injection schemes. 
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Figure 12. Total pressure loss across the combustor. 
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Table 1. The flow conditions of air and hydrogen.






Table 1. The flow conditions of air and hydrogen.





	Variable
	Air
	H2





	Ma
	1.8
	1.0



	T (K)
	540
	300



	P (Pascal)
	480,000
	700,000



	t (K)
	332
	250



	P (pascal)
	100,000
	100,000



	ρ (kg/m3)
	1.04
	0.097



	Yo2
	0.232
	0



	YH2
	0
	1



	YH2O
	0.032
	0
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