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Abstract— In this Simulation, supersonic combustion of 

hydrogen at Mach 3.12 has been presented. The combustor has a 

single fuel injection perpendicular to the main flow from the 

base.  Finite rate chemistry model with K-ε model have been 

used for modeling of supersonic combustion. The pressure rise 

due to the combustion is not very high on account of global 

equivalence ratio being quite low. Within the inlet the 

shock-wave-boundary- layer interactions play a significant role. 

The combustor without cavity is found to enhance mixing and 

combustion while increasing the pressure loss, compared with 

the case without cavity to the experimental results. The OH mass 

fraction is less almost by an order to that of water mass fraction 

The OH mass fraction decreases as the gas expands around the 

injected jet and the local mixture temperature falls, However 

OH species are primarily produced in the hot separation region 

upstream of the jet exit and behind the bow shock and convected 

downstream with shear layer. The geometry results shows the 

better mixing in combustion chamber, caused by more extreme 

shear layers and stronger shocks are induced which leads loss in 

total pressure of the supersonic stream.  

 

Keywords— Hydrogen, Shear layers, Stabilization, stagnation 

temperature, Supersonic combustion. 

I. INTRODUCTION 

  An invention attributed to Rene Lorin of France in 1913, 

the ramjet is a remarkable air-breathing engine in its 

conceptual simplicity. Lacking moving parts and achieving 

air compression only through internal geometry change, it is 

capable of extending the operation beyond flight speed when 

the gas-turbine engine becomes inefficient. The ramjet does 

not, however, operate from takeoff, and its performance is 

low at subsonic speeds because the air dynamic pressure is 

not sufficient to raise the cycle pressure to the efficient 

operational values. Above a flight speed of around Mach  

 

3, cycles using rotating machinery, i.e., compressors, are no 

longer needed to increase the pressure, which can now be 

achieved by changes in area within the inlet and the diffuser 

leading to the combustion chamber. Engines without core 

rotating machinery can operate with a higher maximum 

cycle temperature as the limit imposed by the turbine 

presence on the cycle maximum temperature can now be 

increased. The ramjet cycle with subsonic air speed at the 

combustion chamber entrance becomes more efficient. As 

the speed further increases, the terminal shock associated  
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with subsonic combustion leads to both significant pressure 

losses and elevated temperatures that preclude, in great part, 

recombination-reaction completion, thereby resulting in 

considerable energy loss. It becomes more efficient to 

maintain the flow at supersonic speed throughout the engine 

and to add heat through combustion at supersonic speed. The 

subsonic conditions in the combustion chamber in the 

former require the presence of a physical throat in the nozzle 

to maintain the desired inlet operational conditions, whereas 

the supersonic combustion chamber, in fact, requires an area 

increase as heat is released through combustion. 

 

A general review is presented by Zabaykin and 

Smogolev[1] of the worldwide evolution of ramjet 

propulsion since the Wright brothers first turned man’s 

imagination to fly into a practical reality. Ramjet and 

scramjet propulsion technology has matured dramatically 

over the years in support of both military and space access 

applications, yet many opportunities remain to challenge 

future generations of explorers. Ingenito and Bruno [2] 

studied on physics of supersonic combustion towards the 

scramjet powered vehicles. Despite studies on supersonic 

combustion dating back to the 1950s, there are still 

numerous uncertainties and misunderstandings on this topic. 

The following questions need to be answered: How does 

compressibility affect mixing, flame anchoring, and 

combustion efficiency? How long must a combustor be to 

ensure complete mixing and combustion while avoiding 

prohibitive performance losses? How can reacting turbulent 

and compressible flows be modeled? Tien, and Stalker [3] 

investigated the process involved in chemical energy release 

by combustion in a supersonic, constant pressure, 

hydrogen-air laminar mixing layer was studied 

computationally, with a chemical kinetics model involving 

nineteen reactions and eight species. To try to find out the 

physical reason for the different trends of the pressure curves 

observed in an experimental supersonic combustor at two 

different initial air stream temperatures. Two initial air 

stream temperatures corresponding to the two experimental 

cases are chosen such that the higher temperature yielded a 

shorter ignition distance, and the lower temperature yielded 

a longer ignition distance.  

Ben-Yakar et al. [4] describes ongoing research efforts in 

the scramjet community on cavity flame holders, a concept 

for flame holding and stabilization in supersonic combustors. 

However, comprehensive studies are needed to determine the 

optimal configuration that will yield the most effective flame 

holding capability with minimum losses.  
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The flow field characteristics of cavities and research 

efforts related to cavities employed in low and high-speed 

flows are summarized. Open questions impacting the 

effectiveness of the cavities as flame holders in supersonic 

combustors are discussed. 

A comprehensive DES quality numerical analysis has 

been carried out by Choi et al. [5] for reacting flows in 

constant-area and divergent scramjet combustor 

configurations with and without a cavity. Transverse 

injection of hydrogen is considered over a broad range of 

injection pressure. The corresponding equivalence ratio of 

the overall fuel/air mixture ranges from 0.167 to 0.50. The 

work features detailed resolution of the flow and flame 

dynamics in the combustor, which was not typically 

available in most of the previous studies. In particular, the 

oscillatory flow characteristics are captured at a scale 

sufficient to identify the underlying physical mechanisms. 

Much of the flow unsteadiness is related not only to the 

cavity, but also to the intrinsic unsteadiness in the flow field. 

The interactions between the unsteady flow and flame 

evolution may cause a large excursion of flow oscillation. 

The roles of the cavity, injection pressure, and heat release in 

determining the flow dynamics are examined systematically. 

Experimental investigations were carried out by 

Anavaradham et al. [6]  to study the acoustic radiation from 

a rectangular wall mounted cavity in a confined supersonic 

flow. The free-stream Mach number was maintained at 1.5 

and the cavity length-to-depth ratio was varied from 0.43 to 

5.0. Acoustic measurements made on the top wall show 

jumps in the dominant frequency as the cavity behavior 

changes from shallow to-square-to-deep cavity. The 

numerical study also predicts the frequency jump observed in 

experiments. 

Ben-Yakar et al. [7] describes an experimental effort to 

characterize the flame-holding process of a hydrogen jet 

injected into a high total enthalpy supersonic cross flow. An 

expansion tube is used to provide a correct simulation of true 

flight combustion chemistry, including ignition delay and 

reaction times. This indicates that combustion of hydrogen 

and air in these high total enthalpy conditions is a mixing 

limited process. It is evident from the results that improved 

injection schemes will be required for practical applications 

in scramjet engines. 

The characteristics of supersonic cold flows over cavities 

were investigated by Fang et al. [8] experimentally and 

numerically, and the effects of cavities of different sizes on 

supersonic flow field were analyzed. The results indicate that 

the ratio of length to depth L/D within the range of 5–9 has 

little relevance to integral structures of cavity flow. The bevel 

angle of the rear wall does not alter the overall structure of 

the cavity flow within the range of 30u–60u, but it can exert 

obvious effect on the evolvement of shear layer and vortexes 

in cavities. 

Jeung et al. [9] renewed interest on the scramjet engine 

has been demonstrated through the many international 

activities along the several Asia-Pacific countries. Here, a 

short review of current activities on supersonic combustion 

in a scramjet engine will be addressed followed by the 

discussions on the review of numerical simulation on 

supersonic combustion phenomena related with scramjet 

engine combustors and ram accelerator. Emphasis was put 

on the grid refinement, scheme, unsteadiness and 

phenomenological differences. 

Kim et al. [10] studied the numerical investigations 

concerning the combustion enhancement when a cavity is 

used for the hydrogen fuel injection through a transverse slot 

nozzle into a supersonic hot air stream. The cavity is of 

interest because recirculation flow in cavity would provide a 

stable flame holding while enhancing the rate of mixing or 

combustion. Several inclined cavities with various aft wall 

angle, offset ratio and length are evaluated for reactive flow 

characteristics. The cavity effect is discussed from a 

viewpoint of total pressure loss and combustion efficiency. 

The combustor with cavity is found to enhance mixing and 

combustion while increasing the pressure loss, compared 

with the case without cavity. But it is noted that there exists 

an appropriate length of cavity regarding the combustion 

efficiency and total pressure loss. 

Recent results from combustion experiments reviewed in 

a direct-connect supersonic combustor are presented by 

Mathur et al. [11]. Successful ignition and sustained 

combustion of gaseous ethylene have been achieved using an 

injector/flameholder concept with low-angle, flush-wall fuel 

injection upstream of a wall cavity. Two interchangeable 

facility nozzles (Mach 1.8 and 2.2) were used to obtain 

combustor inlet flow properties that simulate flight 

conditions between Mach 4 and 6 at a dynamic pressure of 

47.9 kPa. Mainstream combustion was achieved at 

equivalence ratios between 0.25 and 0.75 using only a spark 

plug and no other external ignition aids. Delta-force levels 

between 667 and 1779 N were measured, with corresponding 

combustor pressure ratios between 3.1 and 4.0. Video 

records of the flame zone show an intensely active 

combustion zone with rapid flame spreading. 

One-dimensional performance analysis of the test data 

indicates combustion efficiency around 80%with an average 

combustor skin friction coefficient of 0.0028 

Activities in the area of scramjet fuel-air mixing and 

combustion associated with the Research and Technology 

Organization Working Group on Technologies for Propelled 

Hypersonic Flight are described by Drummond et al. [12]. 

Work discussed in this paper has centered on the design of 

two basic experiments for studying the mixing and 

combustion of fuel and air in a scramjet. Simulations were 

conducted to aid in the design of these experiments. The 

experimental models were then constructed, and data were 

collected in the laboratory. Comparison of the data from a 

coaxial jet mixing experiment and a supersonic combustor 

experiment with a combustor code were then made and 

described. This work was conducted by NATO to validate 

combustion codes currently employed in scramjet design and 

to aid in the development of improved turbulence and 

combustion models employed by the codes. 

Hydrogen injection has been investigated numerically by 

Burtschell et al. [13] in a flow configuration caused by strong 

shock-boundary layer interaction named Viscous Mach 

Interaction (VMI). The geometry that leads to this 

configuration is used as a hypersonic inlet. The subsonic 

zone, because of boundary layer detachment, allows 

hydrogen to be injected 

along the wall of the central 

body where combustion 
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processes occur along a slip line when hydrogen is mixed 

with the incoming air flow far from the wall of the central 

body. High-resolution two-dimensional numerical 

simulations have been initiated by Haworth et al. [14] for 

premixed turbulent propane-air flames propagating into 

regions of non-homogeneous reactant stoichiometry. 

Simulations include complex chemical kinetics, realistic 

molecular transport, and fully resolved hydrodynamics (no 

turbulence model). Material and methods mathematical 

model 

A. Governing Equations 

 

The  governing  equations  for  a  general  coordinate 

comprise the mass conservation equation, the full 

Navier-Stokes  equation,  energy  and  species  transport 

equations for a chemically reacting gas composed of N 

species as follows 
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The shear stress and heat flux in viscous terms may be 

denoted by the following equations 

4 2

Re 3 3
xx

u v

x y






  
  

   ,  

4 2

Re 3 3
yy

v u

y x






  
  

   , 
Re

xy

u v

x y






  
  

   ,   
1

1

1 1

Re ( 1) Re

Ns
i

x i i

ir

YT
q K h D

P x Sc x






  


  

  


,  
1

1

1 1

Re ( 1) Re

Ns
i

y i i

ir

YT
q K h D

P y Sc y






  


  

  


,                  

    

Where u and v are the velocity components in the x and y 

directions. Symbols
Re , Pr, K, γ, and 

Sc  are the 

Reynolds number, Prandtl number, thermal conductivity, 

specific heat ratio, and Schmidt number, respectively. Di , 

hi ,and Yi are diffusion coefficient, enthalpy and mass 

fraction  for species i. 

The transport properties are used in this study consists of 

viscosity, thermal conductivity, and diffusion coefficients, 

which can be represented by the sum of laminar (molecular) 

and turbulent components as follows: 

1 t   
, 1 tK K K 

, 1i i itD D D 
.        

B. K–ε Turbulence model 

Modified k-ε model called Renormalization Group 

(RNG) is proposed by Yakhot et al. [22], which 

systematically removes all the small scale of turbulence 

motion from the governing equation by expressing their 

effect in terms of large scales and a modified viscosity.  
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0.012 
 

Value of constant β is adjustable which is found from near 

the wall turbulence data. 

 

C. Chemical Reaction Model 

The present finite rate chemistry model includes seven 

species (H2,O2,N2, H, O, OH, H2O) and eight elementary 

reaction steps. Consider a chemical system of N species 

reacting through M reaction denoted as [133]: 
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'
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reaction term is defined as: 

1

ˆ
M

k k kji i

i

W Q 


 
       

Where 
' ''

1 1

ki kiN N
k k

i fj rj

k kk k

forward reaction reverse reaction

Y Y
Q K K

W W

 

 

 

 

   
    

   
 

 
     

Using the empirical Arrhenius law, 

exp expi ii ai
fi fi ij

E E
K A T A T

RT RT

    
      

       
Therefore, the source term is: 
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The backward rates Krj are computed through the 

equilibrium constants: 
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II. RESULT AND DISCUSSION 

 

Figure 1 shows the experimental work of Ben-yaker 

[14], an example of schlieren image for hydrogen injection 

case. While the unsteady features (coherent structures) are 

averaged to zero, some of the weak shocks such as 

upstream separation shock wave and downstream 

recompression wave are emphasized. 

 Figure 2 represents the contour of Mach number near the 

hydrogen injection point in which a separation shock, bow 

shock, Mach disk, barrel  

 

 
 

TABLE-1 

Inflow Conditions Of The Air And The Hydrogen Jet. 
      Air       Hydrogen 

Ma     3.12     1.5  

V[m/s]                   1182                       2077                   

P[10
5
Pa]                     .8     .8 

Ρ[kg/m
3
]                 1.002                  0.097 

ÿO2                  0.232     0 

ÿN2                    0.736    0  

ÿH2o                   0.032    0 

ÿH2     0      1 

K                     10                 2400 

Ε                     650                 10
8
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shock and reattachment shock at downstream of the 

injector can be easily identified. 

 For the basic comparison with other results, the re- 

active flow field without cavity is solved with hydrogen 

injected perpendicular to the supersonic free stream. 

Figure 5 shows the contours of Mach number at 3.12, the 

deflection of path lines clearly shows the oblique shock 

wave from the upstream face of injection. Near the injector 

the flow is subsonic in separated region as it can be clearly 

visualized in contour of Mach number. While in the 

recalculated zone the Mach number is around 2.27.The 

small instantaneous fluctuations of the bow shock are 

observed to average into a smoother and slightly thicker 

one. The Mach number field shows that the flow is 

supersonic except for some transonic spot localized within 

the fuel-rich zone. Figure 6, Static pressure for the 

reacting flow on the lower and upper wall is quite different. 

The pressure rise due to the combustion is not very high on 

account of global equivalence ratio being quite low. 

Within the inlet the shock-wave-boundary- layer 

interactions play a significant role. When sufficiently 

strong, these shock waves impinge on the boundary layers 

that are sensitized by adverse pressure gradients caused by 

a pressure raise in the combustion chamber, leading to 

flow separations and producing several adverse effects on 

the inlet operation. Furthermore, the local boundary-layer 

distortion generates a new structure of shock waves and 

modifies the inlet-flow structure. Flame holding requires 

achieving a balance between the flame propagation speed 

and the fluid velocity. Because the fluid velocity exceeds 

the flame speed in supersonic combustion applications, 

the flame holding issue is solved by the generation of some 

sort of recirculation region that ensures sufficient 

residence time so that the processes involved - fuel-air 

mixing, ignition and chemical-reaction propagation - can 

take place to completion.  Contours pressure shows the 

expansion fan around leading edge of injection. There is a 

recompression shock just near the injection point due to 

shear layer growth. Contour of static temperature shows 

the combustion and heat releases to be taking place and the 

flame spreads upwards as it moves along the wall. Contour 

of static temperature shows the combustion and heat 

release to be taking place in the upstream separation 

region under the adiabatic wall condition because no heat 

produced by the exothermic reaction is lost through the 

wall and temperature becomes more than 2700 K. The 

vicinity of the wall near the small recirculation as well as 

the downstream region of the injector is filled with 

unburned fuel gases injected through the injector. The 

temperature in that region is lower than the injected gas 

temperature because of under-expansion effects of the 

injected gas. The high temperature region is located near 

the upstream boundary of the jet above the small-scale 

re-circulation rather than at the center region of the small- 

scale recirculation. 

 
Figure , 7 and 8 shows distribution of OH and mass 

fraction of water vapour. The mixing becomes more 

predominant in the region far from the jet outlets and heat 

release gradually increases in the mixing layer between 

hydrogen and air. The OH mole fraction is less almost by 

an order to that of water mole fraction The OH mass 

fraction decreases as the gas expands around the injected 

jet and the local mixture temperature falls, However OH 

species are primarily produced in the hot separation region 

upstream of the jet exit and behind the bow shock and 

convected down stream with shear layer. The OH emission 

of the flame has been imaged for 57<x<300 m and global 

visualization allows to estimate the mixing and ignition 

length of hydrogen within the supersonic flow of air. The 

water mass fraction values at core region could not 

established exactly. Static pressure distribution along the 

bottom wall for without cavity has been shown in figure 9 

and 10 at different x and y location. The initial pressure 

rise is  

 
due to shock wave generated from the downstream region 

of the injector. There is variation in pressure at x=0.058 m 

near the injector due to expansion fan while at x=0.25 m 

i.e. near the exit of the combustion chamber, is almost 

constant while near the upper wall there is little variation 

in pressure due to bow shock. The static pressure is 

comparatively high at x=0.058m than x=0.25m, this is 

because of hydrogen is injected at x=0.057m and from the 

figure 9 it is clearly visualized that there is variation near 

the lower wall due to recirculation region and barrel shock. 

The same x-y plot for pressure distribution comes in figure 

10 at y=0.003 that means near lower wall and y=0.025 i.e. 

in center of the combustion chamber. As it is clear in 

figure 9 near the injector 

pressure is high, the same 

pattern can be seen here 
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in figure 10. velocity magnitude distribution along the 

bottom wall for without cavity has been shown in figure 11 

and 12 at different x and y location The variation of 

velocity magnitude along x=0.25 is higher compared to 

the x= 0.25m near the lower wall shown in figure 11, 

while the velocity magnitude almost constant in the center 

of combustion chamber. There is lot of variation in 

velocity magnitude near the injector due to recirculation 

zone, bow shock and barrel shock in figure 12. 

 

 

 

 

III. CONCLUSION 

The current analysis is validated the CFD solver for external 

supersonic combustion of H2/air. In the contour of 

temperature profile within a very short time combustion 

takes place and reaches up to 27.2e+03 k and near the flame 

front it can be easily visualize that some form of shock wave 

is created. The pressure rise due to the combustion is not very 

high on account of global equivalence ratio being quite low. 

Within the inlet the shock-wave-boundary- layer interactions 

play a significant role.  Fluctuation in pressure and Mach 

number was due to shock train. Without cavity the maximum 

flame temperature reaches up to 2.74e+03K at x=0.18m.  

This increase in mixing results in an increased entrainment 

level into the cavity which may lead to a higher level of 

stability from passive upstream fueling and/or make 

independent cavity fueling more difficult due to the potential 

for a richer environment inside the cavity flame holder. In 

case of without under backpressure the static pressure in the 

region of the cavity was increased 3.5 times from the nominal 

levels.   Ignition and 

combustion produced a 

pre-combustion shock train, 
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resulting in dual-mode combustor operation. The shock train 

became stronger and the starting location of the shock train 

moved progressively upstream with increasing fuel–air 

equivalence ratio.    
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