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Abstract: The incomplete mixing of fuel and the drag induced in the engine are the main problems encountered in scramjets. 

Proper mixing of fuel can be achieved if the fuel is injected from the inlet of the engine. The fluid domain of Busemann Inlet at 

Mach 7 with boundary layer fuel injection using slot injectors along the wall was simulated with hydrogen fuel. Static pressure 

ratio at throat and inlet, along with Mach number at the throat were the design parameters of the Busemann inlet. Hydrogen fuel 

injection at two different equivalence ratios (0.3 and 0.7) was simulated successively at a temperature of 100 K and Mach 2.5. 

The state of mixing was studied for three different injection angles (30°, 45°, and 60°) for different equivalence ratios. The 

injection angles do not have a substantial effect on the hydrogen fuel mixing with the mainstream flow for equivalence ratio 0.3 

Whereas, the dispersion of fuel increases as the increase in injection angles for equivalence ratio 0.7. But the total pressure 

recovery is maintained to the design value for equivalence ratio 0.3 rather than 0.7. Similarly, 45° fuel injection maintains a 

higher total pressure recovery than in other injection angles of 30° and 60°. Injection technique other than slot injection can be 

used to study further the effect of fuel mixing in Busemann Inlet. 
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1. Introduction 

Scramjets are very far from commercial use but may have 

a large impact on space travel and military applications. The 

main motive of the space industry to work on this engine is 

due to its higher specific impulse than the contemporary 

rocket engines at higher Mach numbers. These engines can 

be used as Two Stage to Orbit (TSTO) in future rockets. They 

are lighter in weight due to no moving components and are 

environmentally friendly as the exhaust is water rather than 

carbon compounds. These features of scramjet have 

increased interest in it significantly. But, the main problem of 

a scramjet is the inefficient fuel injection. The fuel injection 

at the inlets has been studied to improve the mixing of fuel 

and efficiency of combustion in high-speed engines [1]. Inlet 

injection gained attention after Bushnell found out that 

problems such as flame retention, ignition, poor combustion 

efficiency, higher emission, etc. have occurred during mixing 

and combustion in Hypersonic air-breathing vehicles. [2]. 

This may increase fuel-efficiency along with engine 

efficiency. The main challenge in fuel injection via inlet is to 

prevent the pre-ignition of hydrogen fuel in the inlet. The 

basic assumptions in this study are that the aircraft is 

assumed to cruise at an altitude of 25 km and the air consists 

of nitrogen and oxygen only. The wall temperature of the 

inlet is assumed to be constant throughout. In Scramjet 

technology, the most challenging technical difficulties lie in 

fuel-air mixing as the time of resident of the air inside the 

engine is typically in the order of microseconds during which 

it is important to mix and burn the fuel and air. [3]. Drag 

values are very large at high Mach numbers and it is tedious 

to add extra kinetic energy to an airstream that is already 

energized. In terms of its thrust and drag elements, this 
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implies that the engine is finely balanced and a low-drag 

output is necessary for success. Therefore, it can be 

understood that good conversion of the chemical energy of 

the fuel is necessary; but air passes through the engine in 

about a millisecond at high Mach, implying that the fuel must 

combine with the air in a few microseconds, burn and release 

its energy. The fuel must be chemically combined at the 

molecular level within a limited period of time, literally a 

few microseconds, to achieve full energy extraction. Fuel 

mixing must be done without disrupting the flow that might 

increase the drag. For the fuel/air ratio, the optimal upper 

limit is the value corresponding to the complete burning of 

all the oxygen in the air with all the reactants present in the 

fuel. 

2. Literature Review 

Fuel injection technique into scramjet engines is an 

emerging field of research. The fuel that scramjets use is 

usually either liquid or gas. An approximate stoichiometric 

proportion of fuel and air is needed to be mixed for efficient 

combustion. The main challenge of fuel injection in 

hypersonic engine is the negligible time for fuel to blend with 

mainstream air in exceptionally quick moving air. 

Hydrocarbons display more of a challenge to use due to the 

longer ignition delay and the necessity for more advanced 

mixing methods as compared to hydrogen. So, hydrogen is 

used as the main fuel of combustion. Improving the mixing, 

and hence decreasing the length of combustor, is an 

important factor in designing hypersonic engines. There are 

various types of methods to inject fuel in scramjet engine [4]: 

1. Porthole Injection 

2. Backward steps and cavities 

3. Ramps 

4. Strut injection 

5. Film injection 

 

Figure 1. Methods of injecting fuel in a scramjet combustor [5]. 

Boundary layer combustion with slot injectors has also 

been studied to see their effects. Ngo has studied the results 

of injection and combustion on skin friction reduction via 

combustion in boundary layer [7]. The detailed study of slot 

injection parallel to a hypersonic mainstream is difficult due 

to the wave patterns superimposed upon a viscous mixing 

zone. This is because turbulent flows, particularly in the areas 

of mixing zones, involve turbulent modeling problems. [8]. 

There are different applications of slot injection such as 

prevention of separation, thermal protection, and reduction of 

skin friction [9]. The effects of large initial boundary layer 

thickness on the mainstream flow field are considerably 

important. For the cases where the ratio of the initial 

thickness of boundary-layer to the slot height is very large 

(greater than 1). In such condition, the initial boundary layer 

plays an important role in the development of slot injection 

flow field, especially in the near field [4]. Foster and 

Engblom found that rectangular injectors that are longer in 

the streamwise direction yield substantially improved mixing 

over circular or diamond-shaped injectors for normal 

injection into a Mach 1.2 cross-flow. They postulated that the 

rise in mixing is due to increased vorticity output in the 

cross-section of the jet flow [10]. In a case applicable to inlet 

injection in scramjets, V. Wheatley and P. A. Jacobs studied 

the enhancement of mixing offered by rectangular injectors: 

oblique injection into a cross-flow with a high supersonic 

Mach number [6]. A sonic hydrogen jet was pumped into a 

supersonic air cross-flow at an angle of 45° to the freestream 

through a l*w slot as shown in figure 2 [6]. 

 

Figure 2. Simulation Geometry Including Coordinate System [6]. 

The simulation with and without infusion of hydrogen fuel 

along its body-side compression surface showed that the fuel 

cannot elude the body-side boundary layer that has small 

impact on macroscopic inlet flow structures at an equivalence 

ratio of 0.33 [11]. Macleod, C. and Gerrard, C. E. studied the 

mixing of air and fuel in supersonic combustor along with 

different methods of injection. They used simple injectors 

along with fins, struts, and pylons to study the fuel injection 

involving turbulence and swirl [12]. Similarly, Rogers, R. C. 

studied the jet penetration effects and its dependency on 

various parameters. They found that penetration was found to 

be proportional to the 0.3 power of the dynamic-pressure ratio 

at all downstream stations. The injection was performed 

perpendicular to the wall through a sonic nozzle [13]. 

2.1. Influence of Injection Angle 

Several experiments have been performed in inclined 

cross-stream injection, with injection angles as low as 15° to 

the wall level, and in both stream-wise and cross-stream 

injector planes. In all cases, near-field jet diffusion into the 

freestream is decreased relative to an equivalent regular jet. It 

is found that shallow injection angles further downstream 

from the injector resulted in better mixing and penetrated deep 

into the freestream in comparison to similar standard jet 

injector [4]. Because small freestream momentum input is 

necessary to transform the fuel downstream, it is assumed to 

be due to the jet maintaining a larger portion of its momentum 

normal to wall. Similarly, a slight reduction in overall viscous 

force is produced by the shallow injection angles than the 
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larger injection angles. 

2.2. Inlet Injection 

Inlet injection requires the application of fuel injection 

from the hypersonic inlet compression surfaces. In the study 

of shock-induced combustion ramjets and detonation-wave, 

both of which target to reduce engine length, inlet fuel 

injection has also been used. It does so by using a powerful 

shock wave to initiate a detonation reaction of a properly 

mixed air-fuel stream, effectively removing the necessity for 

a combustor in the engine. Inlet injection has also been 

suggested as a way of enhancing the efficiency of 

conventional scramjets (non-detonation wave). By 

transferring the injectors upstream, the fuel and air are at 

least partially mixed before entering the combustion chamber. 

Compared to an in-combustor-only fuel arrangement, this 

decreases the necessary length of combustor necessary to 

contain the combustion of fuel fully. As skin friction drag can 

be responsible for more than 25 percent of total scramjet 

engine drag in the combustion chamber, reducing this length 

can contribute positively to the net thrust of the engine. 

However, as this can cause the engine to unstart, caution 

must be taken to prevent robust combustion at the inlet. The 

drag that could be caused by the engine inlet itself must be 

taken into account during injection from the inlet. 

 

Figure 3. The experimental geometry of Gardner et al [14]. 

Inlet injection can also be beneficial because intense 

shock-wave interactions with reflected inlet leading-edge 

shocks at the entrance of combustor can improve the mixing 

of fuel. The fuel injection upstream of the combustion 

chamber was experimented with by Gardner, Paull and 

McIntyre [14]. The experimental pressure data shows that the 

fuel injected from the inlet did not ignite on the surfaces of 

the inlet, but ignited inside the combustion chamber. The 

thrust levels of the engine differed little with the change in 

inlet injectors angle, at varying angles of injection 25 °, 45 ° 

and 90° [14]. This showed that for inlet injection, oblique 

injection angles are highly desirable. In such situations, 

without adversely affecting combustion efficiency, the fuel 

jet itself may provide additional thrust. The mainstream fuel 

jet is far from the high-temperature boundary layer along the 

wall. In the inlet, the fuel is free from combustion since it 

does not exceed the combustion temperature. The fuel 

equivalence ratio plays a key role in preventing 

pre-combustion and unstarting the engine. A significant 

parameter to be considered is also the interaction of shock 

waves in fuel mixing. Shock waves affecting mixing regions 

have been shown to increase the overall diffusion of the flow 

where flame lengths have been found to decrease 

significantly [15]. 

3. Methodology 

To observe the internal physics of flow of Mach 7 

Busemann inlet with fuel injection, simulations were 

performed at three different injection angles for two different 

equivalence ratios. James E. Barth, Vincent Wheatley, and 

Michael K. Smart studied the effect of fuel injection along the 

REST inlet for an injection angle of 45° and equivalence ratio 

0.33 [11]. So, this study incorporated a larger domain for 

injection angles (30°, 45°, 60°) and equivalence ratios (0.3, 

0.7). Slot injectors were used at a distance of 2.64 ft. from the 

intake of Busemann inlet. Taking benefit of the plane of 

symmetry in the Busemann inlet, half of the domain of flow 

was simulated using a commercial solver Fluent [16]. The 

outline of the position of the fuel inlet along the Busemann 

inlet is as shown in figure 4. 

 

Figure 4. 2D-Busemann Inlet with fuel injector along the walls. 

The inlet was designed for freestream Mach 7 with total 

pressure recovery 0.9776, contraction ratio 11.83, and static 

pressure ratio 37.8433. The calculated radius at the throat of the 

Busemann inlet is 0.208 ft and the length of intake is 5.9315 ft. 

The fuel injection parameters are as shown in table 1: 

Table 1. Fuel Injection Parameters. 

 
Pressure 

(KPa) 

Mass flow rate at 

30° (kg/s) 

Mass flow rate 

at 45° (kg/s) 

Mass flow rate 

at 60° (kg/s) 

0.3 30 0.08108 0.0737468 0.04284 

0.7 69.788 0.18919 0.172076 0.09996 

Similarly, the fuel parameters used in the study are as 

shown in table 2: 

Table 2. Parameters of fuel. 

Parameters Value 

Molecular weight of Hydrogen Gas 2.01588 gm/moles 

Molecular weight of Oxygen Gas 31.998 gm/moles 

Radius of air inlet 0.021785 m 

Slot length of fuel inlet 0.00057648 m 

Radius of inlet at Injector 0.195 m 

Mass flow rate of air 12.42 kg/s 

Mass flow rate of oxygen 2.6082 kg/s 

Mass flow rate of hydrogen 0.326025 kg/s 

Air mass flux rate 83.7138 kg/m2/s 

Ratio of specific heats for Hydrogen (λ) 1.405 

Gas constant for Hydrogen (R) 4124.5 J/kgK 

Velocity of hydrogen fuel 1903.04 m/s 

Density of hydrogen fuel 8.727 kg/m3 

Static Temperature (K) 100 
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The simulation was carried out in the Busemann Inlet with a 

fuel injector at 2.64 ft. far from the intake of Busemann inlet 

as shown in figure 3. The grid was generated using the 

commercial grid generating software called Pointwise [17]. 

The grid convergence was checked for viscous flow without 

fuel injection for three different meshes. The number of cells 

count was 21605, 48836, and 73647. The criteria for mesh 

independence were taken within 1%. The percentage of 

deviation of average outlet pressure of medium mesh with that 

of fine mesh was 0.13%. So, the grid with 48836 was 

optimally fine for further simulation. The convergence criteria 

of 10
-3

 were set for the simulation along with double precision 

accuracy. The simulation was carried out using the k-ω (SST) 

Turbulence model. 

4. Results and Analysis 

Fuel injection at the intake of the Busemann inlet was done 

without considering chemical reaction as the study was 

concerned only with the mixing of hydrogen fuel. Mass fraction 

of H2, static temperature, static pressure at the throat of the inlet, 

and pressure recovery are the parameter analyzed after the 

simulation. The simulation for different equivalence ratios and 

different injection angles showed different results and contours. 

Schlieren image of density contour in Figure 4 and Figure 5 

shows different locations at the wall of the Busemann inlet 

where the Mach wave originates. Reflected shock is formed 

before the throat of the inlet which interacts with the shear 

layer to form vortices. This leads to fuel jet break up and aids 

in near field mixing [18]. Shock formed are converged at a 

point and then reflected, which strikes in front of the throat. 

The density gradient increases in the region of reflected shock 

as shown in figure 5. The contours in figure 5 and figure 6 

show that the density gradient for φ=0.7 is greater than φ=0.3, 

which illustrates that hydrogen fuel is more dispersed with an 

increase in equivalence ratio. 

 

Figure 5. Schlieren Image at φ=0.3, injection angle=30°. 

 

Figure 6. Schlieren Image at φ=0.7, injection angle=60°. 

The Mach number contours in Figure 7 and Figure 8 show the 

Mach waves formed at different positions of the inlet. Shock is 

generated under reflection and it continuously interacts with 

the supersonic shear layer. This leads to the generation of 

small eddies through the baroclinic torque mechanism [19]. 

 

Figure 7. Mach number at φ=0.3, injection angle=30°. 

 

Figure 8. Mach number at φ=0.7, injection angle=60°. 

 

Figure 9. Total temperature contour at φ=0.3, injection angle=30°. 

 

Figure 10. Total temperature contour at φ=0.7, injection angle=60°. 

The total temperature at the wall of the inlet suddenly 

decreases in the interaction zone of fuel and inlet air as shown 

in Figure 9 and Figure 10. The total temperature along the wall 

continues to decrease from the fuel injector as shown in Figure 

9 and Figure 10. This is due to the decrease in the Mach 

number of the mixture. Figure 11 and Figure 12 show the mass 

fraction of hydrogen along the wall which recedes along the 

wall towards the throat. Contours show that injected fuel 

remains attached to the boundary layer in case of injection 

angle 30° and equivalence ratio 0.3 as shown in Figure 10. 

Whereas in Figure 11, at 60° injection angle with an 

equivalence ratio of 0.7 H2 gets dispersed more efficiently 

than at 30° with an equivalence ratio of 0.3. 
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Figure 11. H2 mass fraction at φ=0.3, injection angle=30°. 

 

Figure 12. H2 mass fraction at φ=0.7, injection angle=60°. 

The plot of H2 mass fraction at injection angles of 30°, 45°, 

and 60° at equivalence ratio 0.3 shows that H2 fuel has not 

dispersed properly as the mass fraction tends to zero near the 

symmetric axis away from the walls. Similarly, the change in 

injection angle does not show much difference in the 

distribution of H2 fuel which can be seen in figure 13. 

 

Figure 13. Variation of mass fraction of H2 along the outlet at φ=0.3. 

The important performance parameter of Busemann 

geometry is its total pressure recovery which is 0.97. So, it is 

necessary to study the total pressure recovery when fuel is 

injected. The total pressure recovery for different equivalence 

ratios and different injection angles are shown in Figure 14. 

Figure 14 shows the variation of total pressure recovery which 

is the performance parameter of the intake. It shows that with 

the increase in equivalence ratio total pressure recovery of the 

intake decreases. However, an increase in the injection angle 

increases the total pressure recovery until 45° and decreases 

gradually as shown in figure 14 for any equivalence ratio. 

 

Figure 14. Total pressure recovery plot for different cases. 

Similarly, simulation at different injection angles at an 

equivalence ratio of 0.7 is computed which shows an increase 

in the mixing of H2 fuel at 60o along the outlet. Whereas, the 

mass fraction of H2 at 30° is maximum along the boundary 

layer and is quite less away from the wall which can be seen in 

Figures 11 and 12. From comparative analysis at different 

equivalence ratios, it is concluded that the mixing of H2 is not 

affected by the injection angles when the equivalence ratio is 

0.3 as shown in figure 12. Whereas, in the case of equivalence 

ratio 0.7, the dispersion of H2 is more when the injection angle 

increases which is clearly shown in figure 15. But in overall 

the mixing is quite poor because the maximum value of the 

mass fraction is about 0 towards the symmetric plane of the 

inlet while its maximum along the wall. 

 

Figure 15. Variation of mass Fraction of H2 along the outlet at φ=0.7. 
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Moreover, Figures 16 and 17 shows the variation of static 

temperature along the outlet for different injection angles at 

equivalence ratios of 0.3 and 0.7. The static temperature plot 

along the outlet shows that the temperature of the mixture is 

below the ignition temperature of hydrogen gas. This 

concludes that there is no pre-ignition or pre-combustion of 

hydrogen fuel at the throat. At φ=0.7 static temperature along 

the outlet decreases than at φ=0.3, which signifies that the 

dispersion of H2 is more at φ=0.7. 

 

Figure 16. Static temperature along the outlet for different injection angles at 

φ=0.3. 

 

Figure 17. Static temperature along the outlet for different injection angles at 

φ=0.7. 

5. Conclusions 

The viscous simulation using the k-ω (SST) scheme helped 

to capture the boundary layer in the walls. The validation of 

the results in the viscous simulation is done through the mesh 

convergence criterion of (±1%). The injection angle of 30o, 

45°, and 60° is used to study the mass fraction at different 

locations along the outlet. As the fuel injection along the walls 

of Busemann Inlet is free from pre-ignition, it is safe to inject 

fuel at the inlet of the engine. But, for an equivalence ratio of 

0.7, the mass fraction of H2 is found to be maintained near the 

walls and is quite small away from the wall. Similarly, the 

mass fraction of H2 at the outlet near the wall is about 5 × 10
−3

 

and the mass fraction far away from the wall is very less, near 

to 10
−3

 for almost every injection angles. Similarly, in the case 

of equivalence ratio 0.3 for different injection angles the mass 

fraction of about 4 × 10
−2

 is found near the wall along the 

outlet while the value is near to 0 away from the wall. A higher 

equivalence ratio helps in better dispersion of fuel than in the 

case of a lower equivalence ratio. To conclude, the fuel resided 

along the wall as it could not penetrate the boundary layer 

along the wall and proper mixing could not be achieved. The 

slot injectors are not recommended to use for further study of 

fuel injection as does not help in the proper mixing of fuel. 

Injectors other than slot injector is recommended for fuel 

injection as the fuel-injected through slot injectors could not 

penetrate the boundary layer of air and proper mixing of fuel 

could not be obtained. 
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