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Abstract: - The supersonic combustion scramjet in the inlet applies the shock waves compression mechanism to 

substitute the actual compressor from a gas turbine engine. The scramjet works with combustion of fuel through 

the air stream in supersonic condition at least with Mach 5. Novel design of a scramjet intake system was made 

with variations in the angle of the fins and entrance width. The best combination of diameter and inclination 

angle was 1.75 m and 15 degrees, respectively. The findings were able to increase the oblique shock wave 

interactions and supplicate effective combustion and reduce pressure losses for the effective application of 

scramjet system. 
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1. Introduction  
With developments in hypersonic technologies, 

following in advancement with the ramjet engines, 

the scientists, aerodynamicists, and engineers 

motivated strongly towards the hypersonic or 

supersonic flight in the atmosphere [1]. The 

supersonic combustion ramjet or scramjet in the inlet 

uses the shock wave compression substituting the 

compression from gas turbine engine (Fig. 1). The 

ramjet works with combustion of fuel through the air 

stream moved in getting compressed by forward 

motion of the aircraft (instead of having fan blades 

like normal jet engine). The ramjet engine works at 

lower Mach number close to Mach 3. On the other 

hand, supersonic combustion ramjet (scramjet) 

intakes the airflow in supersonic condition at least 

with Mach 5 [2-3]. Scramjet is consisting of four 

components through the flow path including the inlet 

region, isolator, fuel injector, the combustor, and the 

nozzle region [1].  

In the inlet region, the compression is achieved 

through the flow path however contains complex 

shock waves boundary layers and its interactions. 

The leading-edge geometry and compression inlet 

geometry of the channel affects the interactions of 

shock waves. Moving to the next section, combustion 

chamber, the mixing of the waves is intensive with 

turbulent mixing. With fuel injector, the diffusive 

combustion occurs, and huge amount of heat is 

generated with huge pressure disturbances (gradient) 

propagating upstream. To avoid any oscillatory back 

pressure, a special region as a buffer zone is kept 

before the combustors referred to ‘isolator’. It is 

essential component through the flow path specially 

the inlet side of the isolator. The major role played by 

isolator is supplication of reduction in the back 

pressure that is built through the upstream flow in the 

combustion chamber. Hence, that isolator is placed 

between the inlet region and the region of 

combustion. The configuration of the injector and 

combustion chamber operation for ignition is also 

important in the design perspective and the last step 

of flow path through the nozzle is propulsion region 

where the thrust is gained [1]. 

 

Figure 1: Scramjet propulsion [2] 

In this project, there are two main objectives with the 

main goal is to minimize pressure losses by 

manipulating intake geometry to utilize a series of 

oblique shock waves, as the followings; 
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1. To investigate the oblique shock wave 

interaction with the boundary layer at the intake. 

2. To investigate conceptual design of intake to 

observe enhancement in efficiency.  

2. Literature Review  

Study conducted by Seleznev et al. [1] reviewed the 

experimental work on scramjets and discussed 

various experiments. The test conditions and 

geometry are also explained in the review. The 

experiment conducted to check the supersonic 

combustion through HIFiRE-2 consisted of small-

scale testing with channel width of 10.16 mm and 

assisted with two injectors as shown in Figure 2. The 

tested conditions analysed two scenarios: the ground 

function and the flight function. These was due to the 

analysis difference when in flight function will faced 

shocks from inlet, and boundary layer and overall gas 

composition will be affected. Hence, the inlet 

geometry plays an important role in bringing about 

the effective performance of the combustor.  

 

Figure 2: HIFiRE-2 Project Experimental 

Combustor Testing Geometry 

As per the project conducted as the joint research 

efforts from NASA and CIAM – the Central Institute 

of Aviation Motors, Russia, the Scramjet flight 

testing program is named as ‘Kholod’ with focus on 

the inlet and the nozzle design. The inlet design is the 

inlet geometry as shown in Figure 3, it is consisting 

of inclined surfaces angled like 20, 30, and 40 

degrees with three stages [1]. 

The Mach number that was used in the Kholod 

experiment was 6.4 and the CFD analysis was also 

used along with experimental for validation. Another 

experiment conducted by CIAM under the name of 

‘Vinogradov’ experiment, the full-scale geometry 

was tested with supersonic arrangement and the test 

section is shown below in Figure 4. It is consisting of 

fin like structures, now just inclinations, but also 

declinations. The angle of inclination is noted to be 

30 degrees. The optimization of the flow conditions 

and the fuel injection ratio was successfully achieved 

through the Vinogradov experiment and useful data 

was integrated numerically to be used for coaxial 

scramjet simulations [1]. 

 

Figure 3: CIAM-NASA Project Scramjet Inlet 

Testing Geometry 

 

Figure 4: Vinogradov - CIAM Scramjet Inlet 

Test Geometry 

A similar approach was adopted by University of 

Michigan in testing the two-mode operation of the 

scramjet and ramjet by including the isolator in the 

rectangular section and then combustor with cavity 

and then the nozzle. The channel width was kept as 

25.4 mm and the nozzle width was kept as 38.1 mm. 

In China, the CARDC – China Aerodynamics 

Research and Development Centre has created 

experimentation device with simple indentations to 

expansion nozzle. The Mach number used was 4.42 

and the pressure inside the combustor was 0.82 atm. 

The shock waves coming with high to low frequency 

pressure were found unsteady but were found to be in 

the relatively stable positions. The shock waves were 

found to be positioned with the leading edge. This 

was observed by the University of Virginia 

Supersonic Combustion Facility (UV-SCF) in 2008 

[1]. The schematic of the test section is shown in 

Figure 5. It is consisting of the declination at 10 

degrees and that is creating the edge leading to shock, 

which are essentially benefiting the combustion 

process and consequently improving the performance 

at the nozzle.  

According to Smart [3], other flight programs that 

were tested recently with the supersonic combustion 

are HyShot-2 and Hyper-X flight programs with 
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subscale testing. Apart from the experimental, the 

CFD analysis and its validation are also observed 

from literature. Study conducted by Shariatzadeh et 

al. [4], the scramjet testing for combustion is 

observed and at the throttle, the supersonic conditions 

are achieved as shown in Figure 6. ANSYS Fluent is 

used to analyse the flow conditions with a 

converging-diverging nozzle design. 

 

Figure 5: UV-SCF Combustion Testing 

Geometry 

  

Figure 6: Converging-Diverging Geometry 

The simulation results indicated that there CFD 

model was effective in predicting the supersonic flow 

across the geometry and the CFD calculation using 

different turbulence model either k-e model or the k-

ω model did not show significant impact on the tested 

results [5-7].  

3. Methodologies 

Figure 7 and 8 show the geometry of the design 

enhancements of the Scramjet intake section and its 

boundary conditions as well as meshing elements. 

To analyse the scramjet design for better 

performance, the investigation of the oblique shock 

waves entering the inlet region of the scramjet are 

analysed. Moreover, the conceptual models are 

designed with variation in two parameters: the 

entrance width (the inlet diameter) and the angle of 

the fins. The fins are placed at the inlet entrance for 

enhancing the shock wave intake. The variations in 

these two parameters for angle 30 is analysed for the 

four cases (models): (1. Angle 30 and diameter 1.078 

m; 2. Angle 30 and diameter 1.25 m; 3. Angle 30 and 

diameter 1.5 m; 4. Angle 30 and diameter 1.75 m) 

and variation for angle 15 is analysed for two cases 

(models) (1. Angle 15 and diameter 0.8m; and 2. 

Angle 15 and diameter 1.078 m). 

 

Figure 7: Boundary Conditions of the Scramjet 

Intake (Geometry) 

 

Figure 8: The Meshing Elements of the Geometry 

Table 1: Boundary Conditions  

 

Simulation using the ANSYS software with its fluent 

module is used to model the scramjet inlet conceptual 

designs. The flow entering the scramjet is observed 

at Mach number of 5 and the flow that is passed the 

fin regions is assumed to 0.9 Mach number. The 

pressure far field is kept 54 kPa and other boundary 

conditions are shown in Table 1 (please also refer to 

Fig. 7). These assumptions are based on the flow 

conditions of the scramjet and required Mach number 

for combustion region. The model is solved using the 

density-based solver because the flow is 

compressible. With steady-state analysis, the air is 

selected as the flow fluid and that is operating at zero-

gauge pressure. The activated equations are ‘energy 

equations’, and turbulence model responsible for 

flow variation – k-e model is activated with scalable 

wall functions. The use of k-e model or the k-ω 

Total length = 2.5 m 

Fin Length = 1.5 m 

Symmetry wall length = 1 m 
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model did not show significant impact on the tested 

results according to Shariatzadeh et al. [4]. The 

solutions methods are all kept second order for better 

accuracy. The residual monitors were kept 10-5 and 

calculations were run for 1000 iterations. In the post 

processor, the ‘results’ are plotted as contours of 

density (magnitude), static pressure, and velocity. 

The shock waves are then observed and consequently 

the other parameters are changed.  

4. Analysis and Results 

The analysis of this case (A = 30° and D = 1.078 m) 

shows that the shock waves are developing with 

inclination of the fin wall (Fig. 9-11). Based on the 

allowed width for the supersonic flow, the shock 

wave interaction at the top is observed to be normal 

shocks. The developing shock wave from the bottom 

fin surface is oblique shock wave and it is the one that 

is expected to be carried to the inner section. As it is 

observed the interaction leading to the inside is 

making the oblique shock wave at higher 

inclinations, the oblique wave is becoming toward 

normal. This is undesirable. Hence, the decision was 

to increase the diameter of the entrance region. The 

density contour is very clearly providing the 

overview of the developing shock waves, whereas the 

pressure and the velocity contours show the 

interaction of the shock waves in clear manner [8].  

 

Figure 9: Density Contours (A = 30° and D = 

1.078 m) 

 
Figure 10: Pressure Contours (A = 30° and D = 

1.078 m) 

 

Figure 11: Velocity Contours (A = 30° and D = 

1.078 m) 

For the next case, the diameter is increased to 1.25 m 

and the simulation is run again. There is an 

improvement in the development of oblique shock 

waves observed from (A = 30° and D = 1.078 m) to 

case (A = 30° and D = 1.25 m) as shown in Fig. 12-

14. The shock waves that were developing normal 

from the top have also move a bit right. Moreover, 

the shockwave interactions have observed to be more 

effective as the variation in the density and pressure 

is observed high in the centre region. Hence, the 

decision was taken for increasing the diameter of the 

inlet intake channel to 1.5 m (Fig. 15-17) and 1.75 m 

(Fig. 18-20). The observations are noted in the next 

section. 

  

Figure 12: Density Contours (A = 30° and D = 

1.25 m) 

 

Figure 13: Pressure Contours (A = 30° and D = 

1.25 m) 
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Figure 14: Velocity Contours (A = 30° and D = 

1.25 m) 

A significant improvement in the development of the 

oblique shock waves is observed from the density and 

pressure contours (Fig. 15-16). Further, the top shock 

wave is now fully shifted from the normal to oblique 

behaviour. The boundary layer interactions are 

effective shown from the velocity contour and there 

are many shock waves entering the region from left 

to right supplicated to the combustor (Fig. 17). This 

is expected to improve the system performance [9-

12]. 

 

Figure 15: Density Contours (A = 30° and D = 1.5 

m) 

 

Figure 16: Pressure Contours (A = 30° and D = 

1.5 m) 

 

Figure 17: Velocity Contours (A = 30° and D = 

1.5 m) 

A similar significant improvement in the 

development of the oblique shock waves is observed 

from the density and pressure contours (Fig. 18-19). 

Further, the top shock boundary layer development is 

stable to more oblique behaviour. The boundary layer 

interactions are effective shown from the velocity 

contour and there are many shock waves entering the 

region from left to right supplicated to the combustor 

(Fig. 20). This is expected to improve the system 

performance [13-14]. Hence, both cases are selected 

for the 30 degrees fin inclination analysis. 

 

Figure 18: Density Contours (A = 30° and D = 

1.75 m) 

 

Figure 19: Pressure Contours (A = 30° and D = 

1.75 m) 
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Figure 20: Velocity Contours (A = 30° and D = 

1.75 m) 

Now, observing the cases related to fin inclination 

with 15 degrees in the next section (Fig. 21-26). The 

illustrations show that from decreasing the 

inclination angle from 30 degrees to 15 degrees, 

sharp oblique waves are observed (Fig. 21-23). 

Further, the case (A = 15° and D = 1.078 m) shows 

that density distribution variation is average in the 

beginning on the inlet region and then it is highly 

concentration in the throttle region and the pressure 

as well creating the oblique shock wave interaction 

moving toward the inside. Now, for the next case, the 

channel width is decreased to 0.8 m and observed the 

simulation results (Fig. 24-26). 

 

Figure 21: Density Contours (A = 15° and D = 

1.078 m) 

 

Figure 22: Pressure Contours (A = 15° and D = 

1.078 m) 

 

Figure 23: Velocity Contours (A = 15° and D = 

1.078 m) 

 

Figure 24: Density Contours (A = 15° and D = 0.8 

m) 

 

Figure 25: Pressure Contours (A = 15° and D = 

0.8 m) 

 

Figure 26: Velocity Contours (A = 15° and D = 

0.8 m) 
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The results indicate that the oblique shock waves 

were much better and boundary interactions was 

effective [15-18]. The pressure variations also show 

the impact as in the first case the maximum pressure 

inside was less.  

5. Findings and Discussion  

The main findings of the CFD analysis are as follows:  

 The variation in the parameter (channel width) 

have shown that oblique waves that are generated 

at the inlet and enter the scramjet isolator or 

combustor region are increasing with increasing 

channel width.  

 The variation in the parameter (fin shape 

inclination angle) have shown that oblique waves 

that are generated at the inlet and enter the 

scramjet isolator or combustor region are 

increasing with decreasing inclination angle [19-

20].  

 It can be deduced that the best combination of 

diameter and inclination angle is 1.75 m and 15 

degrees, respectively. 

From literature, the oblique shock waves are desired 

from inlet fins moving towards the inside region 

towards the combustor. It is also observed that fins 

are made before or after the combustor to increase the 

oblique shock wave interaction and supplicate 

effective combustion and reduce pressure losses [21-

22]. Next, the data will be validated by the means of 

experiments [23-26].  

6. Conclusion  

All to sum up, studying the scramjet operations 

through experiments can be expensive and can take 

lot of resources. Using CFD, the initial analysis can 

be done and then in this manner the small-scale 

testing can be done through experimental setup. The 

main findings show that variation in the parameter 

(channel width) have shown that oblique waves are 

increasing with increasing channel width. On other 

hand, variation in the fin shape inclination angle have 

shown that oblique waves are increasing with 

decreasing inclination angle. 
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