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Abstract 

Scramjet engines are promising propulsion systems for space transportation and long-range high-speed 
transportation. For efficient thrust generation in a scramjet, not only drag reduction but also high 

mixing efficiency is required. In this study, the characteristics of fuel mixing due to shock wave 
interactions in a combustor with transverse injection and cavity-based flameholding are investigated, 

with a focus on performance and flowfields. The performance and flowfields are evaluated in the 

presence of impingement oblique shock waves at various locations for a particular cavity geometry. 
Computational fluid dynamics simulations have been performed to calculate steady flowfields. As a 

result, it has been verified that the mixing efficiency is improved when the shock wave is incident on 
the cavity. It has also been found that the mixing efficiency is most improved when the shock wave 

interacts with the rear edge of the cavity. Further, the drag has also been found to be the lowest in the 

situation where the shock wave impinges on the rear end of the cavity. 
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1.  Introduction 

Supersonic combustion ramjet (scramjet) engines hold great promise for applications in accessing low 

Earth orbit and enabling long-range high-speed air transportation. As air-breathing engines, they 
eliminate the need for onboard oxidizers and can achieve high specific impulse [1,2]. Additionally, due 

to the absence of rotating parts, these engines are expected to have a simple structure and high 
reliability. Numerous studies have been conducted, and several flight experiments have been carried 

out toward the practical application of scramjet-powered flight vehicles [3,4]. 

However, the realization of a scramjet-powered flight vehicle has been hindered to date by various 
issues. One of the challenges has been efficient and stable combustion in the combustor. The residence 

time of supersonic air passing through the combustor is on the order of milliseconds, which means that 
fuel/air mixing, ignition, and combustion must occur within such an extremely short timeframe. 

Therefore, fuel must be mixed as quickly and uniform as possible. To enhance mixing in the combustor, 
various strategies have been investigated, such as struts, ramps, pylons, transverse injection, cavities, 

and shock-wave interaction [5-11]. 

Mai et al. investigated the interaction of impinging shock waves and transverse jet flow in mixing and 
combustion in supersonic airflows both experimentally and numerically [12]. As a result, it has been 
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confirmed that the introduction of impinging shock waves just below the injection slot creates circulation, 
which enhances mixing and extends the residence time in the recirculation zone. Schetz et al. 
investigated the effects of molecular weight and shock waves on transverse injection in supersonic flow 
and confirmed that mixing efficiency increases when shock waves impinge downstream of the injector, 

regardless of the molecular weight of the material being injected [13]. Such a shock-induced mixing 

enhancement strategy not only promotes mixing and flame holding but also has the advantage of 
incurring less drag than an in-stream device. On the other hand, these advantages also apply to cavities. 

Gruber et al. evaluated flowfields characteristics of various cavity geometries and confirmed that 
changes in the backward ramp angle affect shear and changes in the magnitude of drag, length of 

residence time, and flow stability [10]. Ukai et al. varied the position of lateral jets for rectangular open 
cavities and investigated mixing characteristics [14]. As a result, it has been confirmed that placing the 

injector near the front edge of the cavity resulted in higher mixing characteristics. However, it has been 

pointed out that this arrangement may cause the flow over the cavity to become unstable, resulting in 
the loss of flame stability characteristics, and measures such as ramping the back wall have been 

proposed. This study investigates the flowfields caused by the interaction of transverse injection with 
a trapezoidal cavity and oblique shock waves. It is believed that higher mixing can be achieved by 

combining these two techniques. The results are scrutinized to reveal the structure of the cavity 

flowfields with shock waves. 

2. Methodologies 

Configurations 

The present study investigates the effects of the interaction between oblique shock waves and the free 

shear layer above the cavity in a scramjet engine. Figure 1 schematically shows the geometric 

configuration and design variables considered in the present study. The geometry consists of a ramp 
serving as a shock generator, a transverse wall injection slot, and a trapezoidal cavity. The ramp 

generates an incident shock wave that interacts with the recirculation region in the cavity, thereby 
varying the flowfields and mixing performance. To evaluate the effects of the shock interaction location 

on the mixing performance, the distance between the ramp and the injection slot is used as a variable. 

The inflow condition considered in this present study is summarized in Table 1. The inflow boundary 

condition is obtained by calculating the profile of the developed turbulent boundary layer on a 150-mm 

duct based on the condition of Table 1. The injection condition is shown in Table 2. The injection 
condition is determined to maintain a fuel/air equivalent ratio of 𝛷 = 0.375. 

 

Fig 1. Schematic of two-dimensional combustor with design variables 

Table 1. Inflow condition 

Mach number Static 

pressure 

Static 

temperature 

O2 mole 

fraction 

N2 mole 

fraction 

3.5 59,850 Pa 800 K 0.79 0.21 

Table 2. Injection condition 

Mach number Static 

pressure 

Static 

temperature 

Fuel/air 

equivalent ratio 

1 64,215 Pa 250 K 0.375 

Inflow

Fuel injection

50 mm 100 mm

20 mm5 mm

2.5 mm0.25 mm

25 mm 22.5 mm

20° 40°

25°
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Test case 

The present study investigates the effects of the oblique shock wave impingement location and cavity 

shape on mixing performance in a transverse slot injection cavity-based combustor in a parametric 

manner. The values of design variables for the cases considered are summarized in Table 3.  

The location of oblique shock wave impingement is controlled by varying the distance between the 

ramp base and the injection slot, with three different locations. The case that interacts the most 
upstream of the three (case 1) is determined to have the shock wave incident near the front wall of 

the cavity.  

The case that interacts most downstream (case 3) is determined to have the shock wave incident at 

the rear edge of the cavity (the end of the ramp). The middle case is determined at the centre of the 

above two cases. 

Table 3. Test case for investigating the effect of location of shock impingement 

Case name 𝒍𝐫 [m] 

Case 1 0.034 

Case 2 0.024 

Case 3 0.014 

No ramp - 

Characteristic parameters 

The characteristics of shock wave interaction in cavity-based combustors are represented by three 

parameters: mixing efficiency, total pressure loss, and force in the streamwise direction.  

When evaluating mixing performance, the degree of fuel diffusion and the ratio of air to fuel are 

important factors. In this present study, they are employed as the mixing efficiency. The mixing 

efficiency is the mass ratio of combustible fuel to supplied fuel and is defined as: 

 𝜂m ≡
1

𝑚̇H2
∫min (𝑐H2 ,

𝑐H
s
2

𝑐O
s
2

𝑐O2) d𝑚̇ (1) 

where the stoichiometric mass fractions of oxygen 𝑐𝑂2
𝑠 and hydrogen 𝑐𝐻2

𝑠 are 0.226 and 0.028, 

respectively.  

In this study, the force in the streamwise direction on the combustor is evaluated in order to investigate 
drag and its causes. This force is calculated by integrating the momentum per unit area of the 

combustor inlet cross section minus an optional cross section. It is defined as: 

 𝐹𝑥 ≡ ∫ (𝑝 + 𝜌𝑢2)𝑑𝑦
0.0025

0
|
𝑥=−0.05

− ∫ (𝑝 + 𝜌𝑢2)𝑑𝑦
𝑦max

𝑦min
 (2) 

where 𝑥 is the axis in the direction of inflow with the center of the injector as 0 and 𝑦 is the axis in the 

direction of injection with the injector outlet as 0. Also, 𝑦min and 𝑦max are the 𝑦 coordinates of the 

bottom and top walls, respectively, at a certain 𝑥 section. 

Computational fluid dynamics (CFD) 

Flowfields in the cavity-based combustor are obtained by ANSYS Fluent 2023 R1[15]. The calculations 

are performed on a density basis, and the governing equations are Reynolds-averaged Navier-Stokes 
(RANS) equations. The two-equation shear stress transportation (SST) 𝑘-ω is employed for turbulence 

modeling. This turbulence model is selected due to its capability to resolve flowfields with large adverse 

pressure gradient as well as boundary layer separations accurately [9]. The inflow gas is assumed to 

be an ideal gas, and the top and bottom walls are adiabatic walls. The calculations are performed until 

the energy residuals reach 5e-4 for all cases. 

The computational domain is constituted by the structural mesh generated by Gmsh[16]. Figure 2 
shows the mesh for the baseline geometry with and without ramps. The mesh is progressively refined 

toward the walls to properly resolve the boundary layer and the cavity surface flowfields.  
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The number of computational cells is determined by a mesh sensitivity study. This study is conducted 
on three different resolution meshes, i.e., a coarse mesh with 127,500 cells, a nominal mesh with 

509,800 cells, and a fine mesh 2,038,800 cells. Figure 3 shows the distributions of wall pressure and 
shear stress so as to visualize the effect of mesh resolution. It has been found that the results with 

nominal and fine meshes agree reasonably well. Figure 4 compares the mixing efficiency for the three 

cases. To estimate the exact values of the performance parameters, Richardson extrapolation has been  
employed, and results from three different meshes are substituted [17]. As a result, it is confirmed that 

the fine mesh takes values that are close and similar to the extrapolated values. In this study, the 
nominal mesh is employed, as it balances the computational cost and the accuracy of the performance 

calculations. 

 

 

Fig 2. Mesh configuration and boundary conditions 

 

Fig 3. Distributions of wall static pressure and shear stress for different mesh resolusions 

 

Fig 4. Comparison of mixing efficiency for different mesh resolutions 

close up close up

(a) without ramp (b) with ramp

bottom wall bottom wall

top walltop wall

injector injector

(a) Static pressure (b) Wall shear stress
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3. Results 

Effects of shock interaction location 

In this section, the results of CFD simulations for different locations of oblique shock impingement are 
discussed in terms of their effects on the flowfields and mixing performance. To illustrate the structure 

of the flowfields, Fig. 5 shows the Mach number distribution for Case 1. An oblique shock wave is 

formed from the top wall by the ramp. This shock wave is incident on the cavity. Also, a separation 
shock wave is induced upstream of the fuel injection. In the cavity, a subsonic recirculation region is 

formed, and an oblique shock wave stands at the rear edge of it. In this study, this shock wave is called 

a "cavity shock". 

Figure 6 shows the relationship between the location of the shock wave and the mixing efficiency. 

According to Fig. 6, the case with the shock wave incident most forward (Case 1) maintains a high 
mixing efficiency from the upstream of injection to the rear edge of the cavity (𝑥 = 0.025 m). However, 

downstream of the rear edge, the mixing efficiency of the case with the shock wave incident most 
backward (Case 3) increases at a high rate and exceeds the other cases with 𝑥 = 0.04 – 0.05 m. These 

differences in trends lead to a discussion of the two separate cases upstream and downstream of the 
trailing edge of the cavity (𝑥 = 0.025 m).  

 

Fig 5. Mach number distribution for Case 1 

 

Fig 6. Comparison of mixing efficiency with shock impingment location 

separation shock wave

oblique shock wave

cavity shock

recirculation region
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Fig 7. Hydrogen mass fraction distributions and streamlines 

 

 

Fig 8. Static pressure distributions 

Figure 7 shows the distributions and streamlines of the fuel mass fraction around the injector and the 
cavity to consider the mixing efficiency on the upstream side. The color map shows the mass fraction 

of hydrogen, and the gray line shows the streamlines around the cavity. In Fig. 7, around the injector, 
it is observed that the fuel injection penetration is higher, and the fuel mass fraction in the cavity is 

relatively small when the shock wave impinges on the upstream side. Additionally, at the upstream of 
the injector, the higher fuel penetration leads to a larger recirculation region. This suggests that the 

mixing efficiency upstream, especially upstream of the injector, is affected by the change in the height 

of the fuel penetration due to shock wave interaction. Also, the mixing efficiency upstream, especially 
in the cavity, is considered to be affected by the decrease in the hydrogen mass fraction due to the 

shock wave interaction. 

To assessed shock wave interference and the height of penetration, Fig. 8 shows the static pressure 
distributions. In Fig. 8, around the downstream of the injector (𝑥 = 0 - 0.05 m), it shows that the 

(a) Case 1 (b) Case 2

(c) Case 3 (d) No ramp

(a) Case 1 (b) Case 2

(c) Case 3 (d) No ramp
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injector back pressure increases as the shock wave impinges upstream. This is due to the pressure 
increase caused by the cavity shock generated at the rear ramp of the cavity, which propagates into 

the cavity through the subsonic region. Since the main flow is diverted downward by the shock wave, 
the cavity shock at the back ramp tends to be stronger as a result of shock wave interaction, as shown 

in Fig. 8. Therefore, injector back pressure increases, and fuel penetration is increased.  Furthermore, 

as the penetration increases, the separation shock wave upstream of the injector moves forward, and 
the recirculation area increases, as seen in Fig. 8. This explains the mixing efficiency upstream of the 
injector (𝑥 ≥ 0 m) observed in Fig. 6. 

Next, the fuel mass fraction in the cavity and shock wave interaction are examined. The varying 
magenta-colored regions within the cavity in Fig. 7 indicate a decrease in hydrogen mass fraction as 

shock waves interact upstream. The hydrogen mass fraction decreases from 1, which means that the 
fuel is mixed with air, contributing to an increase in mixing efficiency. To consider the fuel mass fraction 

and shock wave interaction, the distributions of the high hydrogen mass fraction region are shown in 

Fig. 9. Regions with a mass fraction of 0.95 or higher are displayed in color, and regions with a mass 
fraction of less than 0.95 are displayed as white patches. Figure 9 shows that hydrogen diffusion is 

faster in cases where the shock wave interacts upstream, i.e., when the jet penetration is large. The 
above observations suggest that the stronger cavity shock at the rear ramp, due to shock wave 

interaction, causes stronger penetration, resulting in higher mixing efficiency on the upstream side. 

The mixing efficiency downstream of the cavity is examined next. As mentioned at the beginning of 

this section, the mixing efficiency downstream of the cavity increases rapidly when the shock wave 

impinges on the rear edge of the cavity. To probe into this phenomenon, the distributions of the mass 
fraction of hydrogen that can be burned and the streamlines are shown in Fig. 10, where, the 

stoichiometric mass fractions of oxygen and hydrogen are the same as those used in Eq. (1). The mass 
fractions of burnable hydrogen above 0.016 are shown in color, while those below 0.016 are shown as 

white patches. Since the hydrogen mass fraction has not exceeded 0.3 in this study, no further colors 

are defined. The white areas on the mainstream side are due to fuel deficiency, whereas the white 
areas inside the cavity are due to fuel richness. Figure 10 reveals a difference in the region of fuel 

richness on the bottom wall downstream of the cavity between the case where the shock wave impinges 
on the rear edge of the cavity (Case 3) and the other cases. In Case 3, a region of color attaches to 
the bottom wall at 𝑥 = 0.07 m, whereas in the other cases, the region of color does not attach to the 

bottom wall until the location where the reflected shock wave incident occurs (𝑥 = 0.07 - 0.09 m). This 

signifies that in Case 3, the fuel-rich condition near the bottom wall improved upstream to some extent.  

 

Fig 9. Distributions of regions of high hydrogen mass fraction 

 

(a) Case 1 (b) Case 2

(c) Case 3 (d) No ramp
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Fig 10. Mass fraction distributions and streamline of burnable hydrogen 

From the streamlines of Case 3 in Fig. 10, the critical difference between Case 3 and the other cases is 
the angle of flow at the corner of the cavity rear end. In all cases except Case 3, the flow is in the 𝑥-

axis direction above the corner. In addition, the main flow is slightly diverted upward by the cavity 

shock. On the other hand, in Case 3, a recirculation region is formed above the corner, and the 
mainstream flow toward the wall is formed just downstream of the corner. This is considered to be an 

oxygen-rich mainstream entering the fuel-rich layer near the wall. The fuel-rich condition at the 

downstream wall of the cavity has thus been improved, conducing to a rapid increase in the mixing 

efficiency. 

 

Fig 11. Force variations in streamwise direction 

 

Fig 12. Variations of wall pressure and shear stress components in streamwise direction 

(a) Case 1 (b) Case 2

(c) Case 3 (d) No ramp

(a) Wall pressure (b) Wall shear stress
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The variations of the streamwise force among differing shock impingement locations are compared in 
Fig. 11. The streamwise force is increased by the ramp, decreased by the upstream push on the cavity 

front wall, and then increased again by the downstream push at the rear ramp. As shown in Fig. 11, 
the forces on the front and back walls of the cavity increase as the shock impinges upstream. This is 

due to the higher pressure in the cavity when the shock wave impinges upstream, as observed in Fig. 
11. Notably, the forces in the streamwise direction at the rear edge of the cavity (𝑥 = 0.025 m) is 

slightly smaller in Case 3 than in the other cases (Cases 1 and 2). One of the reasons for this is the 

relatively small pressure increase due to the cavity shock near the cavity ramp, as shown in Fig. 8. To 

further probe into these observations, Fig. 12 shows the variations of wall pressure and shear stress 
acting in the streamwise direction. Where the inclination angle 𝜃 is positive clockwise with respect to 

the streamwise direction. The wall pressure distribution shows that the pressure near the cavity ramp 

in Case 3 is smaller than that in the other cases (Cases 1 and 2), underpinning this discussion. In 
addition, the wall shear stress distribution shows that the direction in which the acting stress is different 

from that of the other cases (Cases 1, 2, and no ramp). This is because the rear edge of the cavity is 
covered by a recirculation region (as shown in Fig. 10), and an upstream flow is formed near the wall. 

Therefore, it is assumed that the potential strategies to reduce the force in the streamwise direction 

(drag) in a trapezoidal cavity-based combustor are as follows: 1) suppress the pressure increase due 

to the cavity shock and 2) completely cover the cavity ramp with the recirculation region. 

Conclusions 

This study has investigated, the characteristics of fuel mixing due to shock wave interactions in a 

combustor with transverse injection and cavity-based flameholding with a focus on performance and 

flowfields. The performance and flowfields have been examined impacting by injecting oblique shock 

waves at various locations for a specific cavity geometry, and the following findings have been obtained. 

The first observation is that the highest mixing efficiency is observed at the combustor outlet when the 
shock wave impinges on the rear edge of the cavity. This occurs because the mainstream air is diverted 

towards the wall by the interference of the shock wave and enters the fuel-rich layer near the wall, 
thus promoting mixing. Secondly, the interaction of the shock wave upstream increases the mixing 

efficiency around the injector and within the cavity. This is due to the increase in pressure within the 

cavity, resulting in stronger fuel penetration and enhanced mixing. Thirdly, the lowest drag is observed 
when the shock wave impinges on the rear edge of the cavity compared to the case with shock wave 

interaction. This is because the pressure at the cavity ramp depends on the strength of the cavity shock, 
and because the shear stress acts in the upstream direction due to the recirculation region covering 

the rear edge of the cavity. 

This study has revealed that incident shock waves into a cavity-based combustor can give rise to a 
variety of flows within the cavity. Since the flow in a cavity also depends on the cavity geometry, it may 

be possible to produce desirable performance and tailored flowfields by inducing particular shock waves 

with different cavity geometries. 
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