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Abstract : In this part of the investigation, flow-field properties 

of hydrogen jets injected into a hypersonic flow are reported. The 
combustor has a single fuel injection parallel to the main flow from 
the base. The numerical simulation has been done with finite rate 
chemistry model using K-ε turbulence model. The results obtained 
through the numerical simulation of the cavity based fuel injectors 
are presented. The main issue in supersonic combustion is proper 
mixing within short burst of time. The result shows the better mixing 
of fuel and the flame speed increases almost linearly. The stagnation 
temperature in the combustion reaches up to 2510 k.  
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INTRODUCTION 
Supersonic combustion is the key enabling technology for   
sustained hypersonic flights. In scramjet engines of current 
interest, the combustor length is typically of the order of 1 m, 
and the residence time of the mixture is of the order of 
milliseconds. Due to the high supersonic flow speed in the 
combustion chamber, problems arise in the mixing of the 
reactants, flame anchoring and stability and completion of 
combustion within the limited combustor length. The flow 
field in the scramjet combustor is highly complex. It is shown 
that when the flight speed is low, the kinetic energy of the air 
is not enough to be used for the optimal compression. Further 
compression by machines is needed in order to obtain a 
higher efficiency. For example, a turbojet employs a turbine 
machine for further compression. When the flight speed is 
higher than a certain value, the air flow entering a combustor 
will remain to be supersonic after the optimal compression. 
With a further compression (i. e. deceleration), the efficiency 
of the engine will decrease. Therefore the combustion has to 
take place under the supersonic flow condition. This kind of 
air-breathing engine, which works under hypersonic flight 
condition, is called the supersonic combustion ramjet 
(Scramjet). The term of "supersonic combustion" applied 
here means the combustion in a supersonic flow. The 
efficiency of heat supply to the combustion chamber based on 
the analysis of literature data on combustion processes in a 
confined high-velocity and high-temperature flow for known 
initial parameters is considered. This was given by 
Tretyakov[2007]. The process efficiency is characterized by 
the combustion completeness and total pressure losses. The 
main attention is paid to the local intensity of heat release, 
which determines, together with the duct geometry, 
techniques for flame initiation and stabilization, injection 
techniques and quality of mixing the fuel with oxidizer, the 
gas-dynamic flow regime. The study of supersonic  

 
 

 
combustion of hydrogen has been conducted by Shigeru Aso 
et al. [2005] using a reflected-type shock tunnel which 
generated a stable supersonic air flow of Mach number of 2 
with the total temperature of 2800K and the total pressure of 
0.35 MPa. He concluded that The Schlieren images show that 
the increase of injection pressure generated strong bow 
shock, resulting in the pressure loses. 
Supersonic combustion data obtained at the low static 
temperatures appropriate for an efficient scramjet engine are 
reviewed by T.Cain and C. Walton[2007]. Attention is 
focused at the methods by which the fuel was ignited and 
combustion maintained. This is particularly common for 
supersonic combustion experiments and many examples are 
found in the literature of experiments conducted with inlet 
temperatures much higher than practical in flight. There is a 
good reason for this: it is difficult to sustain a hydrogen or 
hydrocarbon flame in a low temperature supersonic flow. A 
well designed combustor makes this possible; a less effective 
combustor can be made to function simply by elevating the 
static temperature until spontaneous ignition is achieved. 
 Low combustor entry temperature is desirable/essential 
due to intake and nozzle limitations.  
This paper aims in particular at the application of scalar and 
joint scalar-velocity-turbulent frequency PDF (probability 
density functions) methods to supersonic combustion done 
by P. Gerlinger et al[2003]. Supersonic combustion has the 
potential of providing propulsion systems for a new 
generation of air breathing space transportation vehicles.  
Accuracy is an all-important issue. Supersonic combustion is 
commonly considered as one of the most demanding 
applications of current CFD tools.. However, rapid ignitions 
as well as fast and complete combustion are vital to reduce 
hardware length and weight. Therefore, hydrogen is the fuel 
of choice owing to its short ignition delay and, in view of 
structural mechanics, because of its efficiency in cooling. As 
a last point it may be concluded that more high-quality 
experimental data are indispensable for further evaluation of 
high speed combustion models. 
A numerical study of mixing and combustion enhancement 
has been performed by Peter Gerlinger et al[2008] for a Mach 
2 . Due to the extremely short residence time of the air in 
supersonic combustors, an efficient (rapid and with small 
losses in total pressure) fuel/air mixing is hard to achieve. K. 
Kumaran &V.Babu [2009] investigates the effect of 
chemistry models on the predictions of supersonic 
combustion of hydrogen in a model combustor. The 
calculations show that multi step chemistry predicts higher 
and wider spread heat release than what is predicted by single 
step chemistry. In addition, it is also shown that multi step 
chemistry predicts intricate details of the combustion process 
such as the ignition distance and induction distance. a 
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detailed chemistry model with 37 reactions and 9 species was 
used and the results from these calculations were compared 
with those obtained using single step chemistry.  
However, the prediction of the myriad details of the heat 
release/ignition delay, which offer insights into the 
combustion process, demands a comprehensive chemistry 
model as demonstrated in this work.  
A numerical study of atomization, i.e. breakup of a high 
speed jet and spray formation, is presented by Zhiliang Xuxk 
& Wohno Ohzk  [2006] using the Front Tracking method in 
2D. The high speed flow in the nozzle gives rise to cavitation, 
i.e. a mixed liquid-vapor region.  

A Lagrangian model of turbulent combustion in high speed 
flows has been used in conjunction with an efficient 
RANS–AMA strategy to simulate both non-reactive and 
reactive turbulent supersonic co-flowing jets. Liquid 
hydrocarbon supersonic combustion has been experimentally 
investigated by C. GRUENIG & F. Mayinger. Kerosene was 
burnt in a steady, vitiated Mach 2.15 - air flow of a model 
scramjet combustor. The fuel is injected into the supersonic 
air stream by means of pylons. By the addition of small 
amounts of hydrogen to the kerosene the liquid fuel jet is 
dispersed and a fine spray produced. However, this additional 
fuel jet dispersion is not necessary for the supersonic 
combustion if the fuel is injected normally into the cross 
flow.  Combustor ignition behavior, the air stream 
temperature can be reduced below the combustor ignition 
level Tmin once the combustor has ignited. Below Tflame-out the 
time scale ratio tignition/tresidence reaches its unstable regime 
again and the flame extinguishes. 
 
MATERIAL AND METHODS PHYSICAL MODEL 

 
Figure 1 Sketch of the hypersonic combustor with cavity 

based injection. 
 

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 by poinsot [2005] 
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Where the conservative vector is Q   and the 
convection and viscous terms in the   and   

direction are F , G  and vF , vG  respectively and 
defined as below. The source term for chemical 

reaction is S . 
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The shear stress and heat flux in viscous terms may be 
denoted by the following equations
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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. 
 Reaction model 

The instantaneous reaction model assumes that a single 
chemical reaction occurs and proceeds instantaneously to 
completion. The reaction used for the Scramjet was the 
hydrogen-water reaction:  
2H2 + O2 → 2H2O.                                     (4) 
The equilibrium model 
The equilibrium model requires the specification of all the 
chemical species that might exist in the reacting mixture. No 
specific reactions need to be specified. This reaction model 
calculates the species concentrations at its equilibrium 
condition. The species specified for the reaction mixture 
were: H2, O2, N2, H2O, OH, O and NO. 
The multi-step finite rate reaction model uses chemical rate 
equations to model any number reaction occurring in the 
system. The reaction rates are calculated using the Arrhenius 
equation: 
݇ = ܶ݁(ିாܣ ோ்⁄ )                                       (5) 
where: k is the reaction rate coefficient Ap is the 
pre-exponential constant Ea/R is the activation temperature n 
is the temperature exponent 
 
 
K–ε Turbulence model 
Modified k-ε model called Renormalization Group 
(RNG) is proposed by Yakhot et al. [1992], 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.  

   . k eff ku div a grad H
t
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Here the turbulence source term are defined as 
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Turbulence viscosity is defined as 
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Closure coefficient are evaluated as 
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Value of constant β is adjustable which is found from near 
the wall turbulence data. 

Degree of Mixing and Mixing Efficiency 
The jet penetration is a global measure that promotes 
fuel–air mixing. In fact, the jet-mixture fraction 
distribution is of more interest because it helps identify 
the regions where sufficient mixing has occurred to 
enable the initiation and propagation of chemical 
reactions. In a simple, two-component system, the 
concentration is defined by the mass-flow ratio. A 
mixedness parameter was defined by Liscinsky et al. 
[1995] as 

 1
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Where cvar is a spatial concentration variance defined 
as 
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ci is the time-averaged concentration at any given location, 
and the average concentration cavg determined from the 
global mass flows of the jet and the airstream as cavg = 
[mjet/mjet + mair]. This normalization by the product cavg(1 − 
cavg) removes the dependence on the jet-to-air mass-flow 
ratio. 
The concentration variation described by the mixedness 
parameter U indicates the degree to which the two 
components in the system are present within a given volume 
in the flow. In a sense, this parameter is not unlike the 
non-uniformity mass-fraction parameter introduced by 
Kopchenov and Lomkov [147], defined as 

 2

2
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A
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Where D is the non-uniformity mass fraction; ρ, u, and c are 
the local density, velocity, and concentration, respectively; A 
is the cross section of the axial station where mixing is 

evaluated; and c  is the mass-averaged concentration in the 
cross section. A value of D = 0 indicates full uniformity and 
D = 1 indicates complete lack of injectant. The first 
parameter, U, is a local concentration measurement whereas 
the second, D, offers a cross-sectional measure. 
 The degree of mixedness based on concentration decay, for 
this purpose it is useful to relate the mixing parameter to the 
stoichiometric ratio. This suggests the use of a 
mixing-efficiency parameter, which indicates the fraction of 
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the reactant that would react if brought to chemical 
equilibrium with the air. The fraction of the reactant refers to 
the least-available reactant, air, or fuel, depending on whether 
the mixture is lean or rich; in fuel-lean regions, the 
mixing-efficiency parameter represents the fraction of fuel, 
and in fuel-rich regions the mixing efficiency refers to the 
fraction of air. The fuel fraction defined in this fashion takes 
the following values, 

   1 1react
stoic
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stoic

stoic
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where α is the fuel mass fraction, αreact is the fuel 
fraction mixed in a proportion that can react, and 
αstoic is the fuel stoichiometric mass fraction. The 
mixing efficiency is then defined as 

,

,

reactfuel mixed
m
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m udA
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Where mfuel, mixed is the mixed fuel mass flow and ˙ 
mfuel, total is the total fuel flow rate. Equation (4.7) 
thus defines a mixing efficiency in a cross section, 
with m = 1 indicating a perfectly mixed system. In this 
case the maximum value of fuel fraction must remain 
less than or equal to the stoichiometric ratio. 

 Combustion Efficiency and Total Pressure Loss 

Combustion efficiency is measure of the degree of the 
completeness of combustion, combustion efficiency at 
given x= constant section is measure of how much of 
the fuel injected upstream has been consumed at that 
station and defined as; 

, ,

, ,

1fuel in fuel x
C

fuel in fuel in

udAm m
m m
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Where ,fuel inm is local fuel mass flow rate.  
 
RESULT AND DISCUSSION  
 The most significant technological  problem  for  
implementation  of hypersonic air breathing propulsion  is  
the  process  of mixing  the  injected fuel with  the  free stream 
oxidant.  A particularly difficult challenge is presented for 
combination of fuel and air at very high Mach numbers and 
high enthalpy since combustion proceeds at supersonic 
velocities. Extremely short combustor residence times 
coupled with the requirement of limited combustor length 
necessitates some form of mixing augmentation over that 
provided by stream wise shear alone. Figure 2 shows the 
contours of Mach number at 5.14, 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 3.10. The small instantaneous fluctuations 
of the bow shock are observed to average into a smoother and 

slightly thicker one. Figure 3, 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. Figure 4 shows the 
contours temperature. 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 2500 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 2 Contour of Mach number  

Figure 3 Contour of static Pressure 
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Figure 5, 6 and 7 shows distribution of Hydrogen, 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 8 and 9 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 8 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 9 
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 10 
near the injector pressure is high, the same pattern can be 
seen here in figure 9. Velocity magnitude distribution along 
the bottom wall for without cavity has been shown in figure 9 
and 11 at different x and y location. The variation of velocity 
magnitude along x=0.058 is higher compared to the x= 0.25m 
near the lower wall shown in figure 10, 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 11.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4 Contour of Temperature 

 

 
Figure 5 Contour of Mass fractions for H2 

 

 
Figure 6 Contour of Mass fractions for OH 

 

 
Figure 7 Contour of Mass fractions for H2O 

 

 
Figure 8 X-Y plot of Pressure distribution crosswise x 

location 
 

 
Figure 9 X-Y plot of Pressure distribution crosswise y 

location 

 
Figure 10 X-Y plot of Velocity distribution crosswise x 

location 
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The effect of a cavity on mixing and combustion efficiencies 
is plotted in Figure 12. When the cavity is installed, it is 
observed in the figure that the combustion as well as mixing 
efficiency is greatly enhanced, since the mass and thermal 
transport phenomena are much improved along the shear 
layer as well as in the cavity. The combustion efficiency is 
directly related to the total length required for the combustor. 
The reason is that the higher the combustion efficiency, the 
shorter the length of combustor becomes. The cavity shape 
has to be derived from flow stabilization and flame holding 
requirements. 
 

CONCLUSION 
In this, the effect of the cavity on the hydrogen injection in to 
the supersonic and hypersonic air flow regime has been 
investigated. The numerical simulation has been done with 
finite rate chemistry model using K-ε turbulence model 
utilizing CFD Fluent software. Actually the cavity was found 
to increase both the total pressure loss and the combustion 
and the temperature of the combustor while enhancing the 
combustion of the fuel oxidizer. Achieving efficient 
combustion is very much so dependent on producing 
homogeneous fuel/air mixture rapidly across the whole 
combustor. When the offset ratio of upper to downstream 
depth of the cavity increases, the combustion efficiency as 
well as the total pressure loss decreases. For higher offset 
ratio, geometrically the injected gas has expanded more, 
resulting in reduction in gas temperature so that the chemical 

reaction has been retarded. Based on comparison with the 
case without cavity, a use of cavity is much preferred because 
cavity the flame temperature is not sufficiently high as in case 
of with cavity. 
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Figure 11 X-Y plot of Velocity distribution 

crosswise x location 
 

Figure 12 Combustion and mixing efficiency with 
and without Cavity 
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