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Abstract: One of the unique growing researches in the field of aerospace is an air-breathing propulsion system SCRAMJET. Scramjet 

has a wide range of application at present from ballistic missile to launching vehicle and inter-orbitary space transportation in future. 

Scramjet (supersonic ramjet engine), which operation is simple consists of an inlet, combustion chamber, injectors and a nozzle were 

the combustion process is taking place in a supersonic flow region. Hence the time required for combustion is less than 0.0001s and it 

is a huge task which develops interest for most researches to improve efficiency of combustion with different methods. This paper is a 

further continuation of a double cavity region with a back ramp angle from the best performance model in the previous paper which is 

to be tested in a hypersonic combustion process. The design is carried out in Ansys Design Modeler with 2-dimensional hypersonic 

vehicle design. The ICEM fine meshing is done near the walls and inside the cavity region. Here the analysis are done in Ansys Fluent 

14.5 were liquid hydrogen is used as a major fuel injected at mach 2 with the hypersonic air flow in a non-premixed combustion 

process and the analysis are carried out with two different viscous models to determine the better performance in terms of combustion. 

Finally the results are compared by taking the contours of static temperature, turbulence kinetic energy, total pressure, mass fraction of 

h2, mass fraction of o2, mass fraction of n2 and a comparative graph is plotted which is used to predict the best combustion efficiency 

between the two turbulence models. 
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1. Introduction 
 

Scramjet engine the most developing air-breathing 

propulsion system for future hypersonic vehicle. The main 

process behind the scramjet engine, it consists of an inlet 

which is used to increase the pressure and temperature for 

combustion process. In the combustion region the injectors 

are used to inject the fuel and the combustion process still 

place in a supersonic flow regime which is used to produce 

more thrust. Initially the ramjet engine can produce a thrust 

upto mach 5 but the scramjet engine which mainly developed 

for hypersonic flow combustion process used to produce 

mach of above 5 and NASA x-43 achieved a mach 9.8 and 

recorded as a fastest plane using scramjet hypersonic vehicle. 

The systematic hypersonic scramjet engine in 2-dimensional 

is shown in fig 1. 

 

 
Figure 1: Hypersonic Scramjet Engine 

 

The main drawback in the scramjet engine is the process of 

combustion taking place in a hypersonic flow condition. 

Hence the proper mixing of air-fuel should take place in a 

more quick time to produce thrust as required. Thus many 

researches used different methods to improve the combustion 

process the main task to improve combustion depends on the 

type of combustion chamber and the injection type used. In 

this we use normal injection techniques which provide a 

better flame holding capability due to the formation of 

detached shockwave at the downstream of the injection. As 

published in the previous paper the aerodynamic 

characteristic of a double cavity with back ramp angle of l/d 

ratio 10 proved to have a better performance than the other 

cavity models, hence it is used in this analysis with liquid 

hydrogen injected at the upstream of the cavity in a 

hypersonic flow condition. The fig 2 shows the cavity l/d 10 

ratio with back ramp angle. 

 

 
Figure 2: Cavity l/d 10 and back ramp angle 45° 
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2. Literature Review 
 

A collection of detailed literature review is done on the basis 

of injection, cavity flame holder and hypersonic combustion 

process and they are discussed below. K.N.Jayachandran
1
 

and N.Nithin on Performance Analysis of Double Cavity 

Based Scramjet Combustion at Mach 2 using CFD undergone 

numerical analysis on different double cavity models with 

change in l/d ratio 5 and 10 and with and without back ramp 

angle using k-epsilon turbulence models with naviers-stroke 

energy equation in a two-dimensional density based energy 

equation and results shows that double cavity with l/d ratio 

10 and back ramp angle showed better performance in-terms 

of mixing and flame-holding capabilities. K.M.Pandey
2
 and 

T.Sivasakthivel paper on Recent Advances in Scramjet Fuel 

Injection has studied the details advantages of different 

injectors types and their disadvantages mainly like normal, 

parallel, transverse injectors, plasma injectors, ramp 

injectors, strut injectors, pylon injectors etc., and different 

cavity based design like a rectangular cavity, cavity pylon 

flame holder for better combustion process from this we infer 

to use a normal injection method because it provides a better 

flame holding capabilities at the downstream of the injection 

due to the separation of shockwave. Another paper by 

K.M.Pandey
3
 and T.Sivasakthivel based on CFD Analysis of 

Mixing and Combustion of a Scramjet Combustor with a 

Planer Strut Injector has undergone numerical analysis of 

supersonic scramjet engine with struct type injectors were the 

undergone three dimensional naviers-stoke equation. They 

have used 3dimensional plane strut were hydrogen fuel is 

injected and the results shows the strong shock formation and 

reflection which used to increase the static pressure in the 

ignition process than in the cold flow process. Kyung Moo 

Kim
4
 paper on Numerical study on supersonic combustion 

with cavity-based fuel injection has performed numerical 

analysis on a cavity with different back angle and compared 

each thing for better combustion efficiency and to reduce 

total pressure loss he concluded that with increase in back 

ramp angle will increase the combustion efficiency from that 

we have concluded to have a 45° ramp angle for better 

combustion efficiency and reduced total pressure losses. 

 

3. Geometry 
 

The hypersonic scramjet vehicle combustion chamber is 

designed from the prediction of x-51 NASA vehicle. The 

total length of the scramjet engine is of length 515 mm in 

which it comprises of an inlet, combustion chamber and the 

nozzle. The length of the inlet is 145 mm as to increase the 

pressure and temperature of the incoming air. The combustor 

is of length 275 mm which comprises of a double cavity with 

l/d ratio 10 with back ramp angle 45°. The fuel injector is 

placed of radius 2.5 mm at the upstream of the initially 

cavity. The geometry model is shown in fig 3. 

 

 
Figure 3: Geometry model 

 

4. Meshing 
 

The meshing plays an predominant role in determining the 

accuracy of the flow, the rectangular fine mesh is used 

because it is used to improve the accuracy in the combustion 

chamber cavity build region and a fine mesh of maximum 

nodes of 333286 nodes is presented in our model sizing is 

done in the cavity region using body of influence property to 

increase the nodes near the upstream and downstream of the 

combustion region. Fig 4 shows the meshing of our model 

 

 
Figure 4: Meshing of our model 

 

5. Analysis 
 

The fine meshed model is undergone analysis in Ansys 

Fluent, the analysis is carried out using two-dimensional 

naviers stroke equation, here two models are taken to 

compare standard k-epsilon and k-omega sst models. The 

simple difference between them is k-epsilon is two-equation 

and k-omega is three-equation solving method. Here fuel 

such as liquid hydrogen is used for non-premixed combustion 

inlet diffusion process is applied were the required gas 

exchange are indicated and the reaction are listed in table 1. 

 

Table 1: chemistry reaction of hydrogen with air 

Reaction Process 

H + O2              O + OH 

H + H             2H 

2H + O         OH + H 

2H + OH        H2O 

H2O + O      OH + OH 

H2O + H      OH + H2 

 

The boundary condition is applied were the incoming air 

flow at a mach 7 in which the injectors which is just placed at 

the upstream of the cavity region inject the fuel at a mach 2 

condition as shown in table 2. The outlet is maintained at 

atmospheric condition and wall are maintained with no-slip 

condition were it will be stationary in condition. The steady 

state pressure based simple solver is used for analysis and the 

spatial discrimination is solved in second-order upwind for 

determination of accurate results. Then the analysis is carried 
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out by more iteration until the equation of parameters like k-

epsilon or k-omega sst parameters solved using continuity, 

momentum and energy equation by achieving a steady 

converged solution. 

 

Table 2: Boundary condition 

Parameters Air Fuel 

Mach no 7 2 

Pressure  (Pa) 101325 1940.28 

Temperature (k) 520.98 300 

K  (m2/s2) 10 2100 

YO2 0.767 0.019 

YH2 0 0.58 

YN2 0.233 0.01 

Yc 0 0.391 

 

6. Results and Discussion 
 

6.1 K-epsilon Model 

 

Here are the results of contour of static temperature and 

turbulence kinetic energy as shown in fig 5&6 respectively. 

The value of static temperature is maximum of 2931k which 

is found near the cavity and the exhaust nozzle of the 

scramjet engine, this contour proves that a vital combustion 

process is occurring due to the air-fuel mixing in the region 

of cavity and hence the flame stabilization method can be 

achieved. The contour of turbulence kinetic energy shows a 

vortex region is formed inside our double cavity region and a 

maximum value of 9.92 j/kg is achieved in the cavity region 

were the proper mixing of air and fuel is applicable for 

proper combustion which can increase the combustion 

efficiency of the engine. The contour of total pressure is 

shown in fig 7, shows that the total pressure value is more at 

the upstream of the injection after that the total pressure 

obtain a minimum value of -2.9e7 Pa were the losses are 

minimum in the cavity region. The contour of mass fraction 

of H2 is shown in fig 8, the hydrogen combination if found 

more inside the cavity region due to the injection of liquid 

hydrogen through the injectors. Hence the incoming air flow 

will mix with the fuel present in the cavity region were a 

stable combustion process can be obtained for a long period 

of time and increase the performance of the scramjet engine. 

The fig 9 shows the mass fraction of O2 indicates the oxygen 

is found minimum in the region of cavity, this shows oxygen 

is consumed in the combustion process and a minimum of all 

oxygen molecule is consumed during this process. The 

contour of mass fraction of N2 is shown in fig 10 shows that 

a little nitrogen is also contribute to the combustion process 

were we can see a minimum value of nitrogen is obtained in 

the first cavity and after that it gradually increase. 

 

 
Figure 5: contour of static temperature 

 

 
Figure 6: contour of turbulence kinetic energy 

 

 
Figure 7: contour of total pressure 

 

 
Figure 8: contour of mass fraction H2 

 

 
Figure 9: contour of mass fraction of O2 

 

 
Figure 10: contour of mass fraction of N2 

 

6.2 K-omega Model 

 

The contour of static temperature is shown in fig 11, here we 

can see that a combustion process is happening and a 

maximum value of 3347 k is obtained along the cavity region 

hence a strong flame stabilization can be obtained with the 

presence of the cavity region. The fig 12 shows the contour 

of turbulence kinetic energy, more turbulence region is found 

in the second cavity were a strong vortex is formed which 

enhance a proper air-fuel mixing. In fig 13 contour of total 

pressure, a low pressure region is formed in the combustion 

chamber due to the presence of the cavity and after the region 

the pressure value increases gradually a minimum value of -

6.8e7 is found inside the cavity region. The fig 14 shws the 

contour of mass fraction of H2 were it is found maximum in 

the cavity region due to the injection of the liquid hydrogen 
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and can obtain a stable combustion process for a long period 

of time. The fig 15 and fig 16 shows the contours of mass 

fraction of O2 and N2 respectively, here both the oxygen and 

nitrogen are consumed in the cavity region due to the process 

of combustion were oxygen plays a major role in the air-fuel 

burning process. On the other hand nitrogen is also consumed 

in smaller quantity a minimum value of 0.14 is found inside 

the cavity region. 

 

 
Figure 11: contour of static temperature 

 

 
Figure 12: contour of turbulence kinetic energy 

 

 
Figure 13: contour of total pressure 

 

 
Figure 14: contour of mass fraction of H2 

 

 
Figure 15: contour of mass fraction of O2 

 

 
Figure 16: contour of mass fraction of N2 

7. Comparative Graph 
 

Here the plots are compared between two models k-epsilon 

and k-omega sst to determine the best performing turbulence 

models. Fig 17 shows the plots of static temperature were a 

high temperature value is obtained in k-epsilon model were 

we can find the better flame stabilization process. The plots 

of turbulence kinetic energy as shown in fig 18 more 

turbulence value is achieved in k-epsilon turbulence model 

and hence more vortex region is formed. Total pressure plots 

are shown in fig19, its states that the total pressure losses are 

achieved minimum while using a k-omega sst turbulence 

model. finally the plots of heat gain loss shows that the wide 

range of heat loss is found more in k-omega sst models. Fig 

21 shows the plots of mass fraction of H2 which shows the 

hydrogen is present more inside the cavity for longer 

combustion stability in k-epsilon model. As usual oxygen and 

nitrogen is consumed more in the cavity region for k-epsilon 

turbulence model as shown in fig 22 and fig 23 respectively. 

 

 
Figure 17: plots of static pressure 

 

 
Figure 18: plots of static temperature 

 

 
Figure 19: plots of total pressure 
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Figure 20: plots of heat loss gain 

 

 
Figure 21: plots of mass fraction of H2 

 

 
Figure 22: plots of mass fraction of O2 

 

 
Figure 23: plots of mass fraction of N2 

 

 

 

8. Conclusion 
 

In order to determine the most efficient turbulence models in 

terms of combustion and mixing process,  the two turbulence 

models undergone numerical analysis using steady state 

pressure based energy equation with similar boundary 

condition and finally infer that; 

 k-epsilon turbulence models is more efficient in-terms of 

mixing and flame stabilization process, hence a more 

vortex region is found inside the cavity region more 

suitable for a supersonic combustion process in relatively a 

small amount of time and the static temperature value is 

more to provide more flame stabilization process for a 

comparatively prolonged time. 

 From the comparative graph total pressure value is 

minimum for k-omega sst model hence the k-omega sst 

turbulence model produce a minimum losses. 

On the whole depending on the combustion efficiency mixing 

process and heat loss gain task k-epsilon turbulence model is 

more suited for a hypersonic scramjet combustion 
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