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INTRODUCTION 
 
 The design of the combustor of a supersonic 
combustion ramjet (SCRamjet) engine requires very 
efficient air-fuel mixing methods of short residence 
time of the airflow inside the engine
time of air in hypersonic airplane engines is only 
order of a millisecond for typical flight 
within this short duration of time, 
mixed with the air and then burned wit
aerodynamic drag to achieve maximum thrust
popular method of fuel injection for scramjet engine 
is the transverse injection. This type of injection has 
been proved to be a reliable method
most of scramjet engine. In the design of a scramjet 
engine a problem of fuel injection as well as flame 
holding is known to play a very important 
order to improve the performance of scramjet 
combustor, fuel and air must be mixed at the 
molecular level in the near field of the fuel injection. 
In recent years, a cavity flame holder
integrated fuel injection/flame holding approach

, American-Eurasian Network for Scientific Information publisher

 
 

JOURNAL OF APPLIED SCIENCES RESEARCH
 

ISSN: 1819-544X       EISSN: 1816-157X 
 

http://www.aensiweb.com/JASR                                                                             2015 December

.                                                                                                         

M. Krishna Kumar, Assistant Professor ,Department Aeronautical Engineering, Bannari Amman 
Institute Technology, Sathyamangalam, Tamil Nadu, India 

pkmkrishnakumar@gmail.com 

f Mixing Enhancement of Cavity Based Transverse Injection 

M. Natesan 

ical Engineering, Bannari Amman Institute Technology, Sathyamangalam, Tamil Nadu, India 
Research Scholar, School of Mechanical and Building Sciences, Vellore Institute of Technology - Chennai Campus, Melakkottaiyur, Tamilnadu, India.

23 December 2015 

© 2015 AENSI PUBLISHER All rights reserved 

ABSTRACT 

This study defines the numerical investigations on combustion enhancement by introducing the cavity and transverse fuel injec
into a supersonic hot air stream. The cavity after injector increases re-circulation flow which serves as a stable flame holder while 
enhancing the rate of mixing or combustion with an increase in pressure loss. The stream wise vortices were promoted by the p
cavity which has a great role on the mixing process in the high-speed flow. The turbulence closure is achieved by the standard k
The mixing characteristics are strongly related to the decay rate of the injected fuel. The eight step combustion reaction wa
9 species. Eddy Dissipation model was chosen for multi-step turbulent chemistry interaction. The computational work is carried out by 
using a finite volume CFD code, Fluent and its associated preprocessor gambit. Generation of H2O and dissipation of H
combustor is used to indicate the combustion; Stream-wise vortices indicate the mixing and penetration. 

Supersonic combustion; Transverse Injection; Cavity; Jet-Cross flow momentum ratio. 

The design of the combustor of a supersonic 
combustion ramjet (SCRamjet) engine requires very 

fuel mixing methods of short residence 
the engine. The residence 

time of air in hypersonic airplane engines is only 
of a millisecond for typical flight conditions, 

 the fuel must be 
mixed with the air and then burned without excessive 

drag to achieve maximum thrust. The 
popular method of fuel injection for scramjet engine 

type of injection has 
able method, and used in 
In the design of a scramjet 

of fuel injection as well as flame 
holding is known to play a very important role. In 

rformance of scramjet 
fuel and air must be mixed at the 

of the fuel injection. 
nt years, a cavity flame holder, which is an 

integrated fuel injection/flame holding approach, has 

been proposed as a new concept
and stabilization in supersonic scramjet combustor. 
The presence of a cavity on an aerodynamic surface 
could have a large impact on the flow surrounding it.
 The flow field inside a cavity is character
re-circulating flow that increases the residence time 
of the fluid entering the cavity. Because the drag 
associated with flow separation is much less over a 
cavity than for a bluff-body, a cavity inside a 
combustor makes a stable flame holder with 
relatively little pressure drop. A rectangular cavity 
driven by a free shear layer provides a well defines 
configuration to study the flow separation and 
reattachment. Basically, there are two types of cavity 
flow namely open and closed.
normally occurs for length-to-
In to this case the shear layer formed at the 
separation corner spans the entire cavity length and 
reattaches somewhere along the cavity back face. For 
L/Dc > 10, the shear layer is unable to span 
length of the cavity and reattach on the cavity floor, 
which is the closed cavity flow.
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This study defines the numerical investigations on combustion enhancement by introducing the cavity and transverse fuel injection 
which serves as a stable flame holder while 

enhancing the rate of mixing or combustion with an increase in pressure loss. The stream wise vortices were promoted by the presence of 
The turbulence closure is achieved by the standard k–ε model. 

The mixing characteristics are strongly related to the decay rate of the injected fuel. The eight step combustion reaction was modeled using 
step turbulent chemistry interaction. The computational work is carried out by 

O and dissipation of H2 along the 

been proposed as a new concept for flame holding 
and stabilization in supersonic scramjet combustor. 
The presence of a cavity on an aerodynamic surface 
could have a large impact on the flow surrounding it. 

The flow field inside a cavity is characterized by 
flow that increases the residence time 

of the fluid entering the cavity. Because the drag 
associated with flow separation is much less over a 

body, a cavity inside a 
combustor makes a stable flame holder with 
relatively little pressure drop. A rectangular cavity 
driven by a free shear layer provides a well defines 
configuration to study the flow separation and 
reattachment. Basically, there are two types of cavity 
flow namely open and closed. The open cavity flow 

-depth ratio, L/Dc < 10. 
to this case the shear layer formed at the 

separation corner spans the entire cavity length and 
somewhere along the cavity back face. For 

> 10, the shear layer is unable to span the entire 
length of the cavity and reattach on the cavity floor, 
which is the closed cavity flow. 
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Cavity Parameters (L/Dc = 5) : 
Length L =4.452 mm; 
Depth Dc = 0.89 mm ; Swept angle = 

 
Fig. 1: L/D <10 Cavity Flame Holder
 
 Therefore, the closed cavities are characterized 
by a larger drag coefficient compared with open 
cavities so that the open cavity is more desirable in a 
scramjet combustor. 
 Mixing is inherently an unsteady process and 
requires not only turbulent mining by the eddies but 
also molecular diffusion to occur before combustion 
can take place. So here we simulate a scramjet 
 

 
Fig. 2: Schematic diagram of Transverse Injection
 
 There many shock structures
pressure loss but involves in creating a vortex pair 
which plays an important role in mixing process.
 
Transverse Jet Characteristics: 
 The mixing characteristics and under
jet penetration into a supersonic flow is know
strongly related to the Jet-to
Momentum flux Ratio (J) which is defined as
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 where the subscript j corresponds to the jet exit 
conditions and ∞ corresponds to the free
conditions ahead  of a bow shock.  
 Based on the facts, the aim of the present study 
is to investigate the flame holding and mixing 
enhancement when the cavity is used with the 
upstream fuel injection of it under various 
stream momentum flu ratio from 0.5 to 2.0
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= 90 ̊  

L/D <10 Cavity Flame Holder. 

Therefore, the closed cavities are characterized 
by a larger drag coefficient compared with open 

open cavity is more desirable in a 

Mixing is inherently an unsteady process and 
requires not only turbulent mining by the eddies but 
also molecular diffusion to occur before combustion 
can take place. So here we simulate a scramjet 

combustor model to increase the mixing there by 
increasing the combustion. the transverse injection is 
one of the reliable method of fuel injection for a 
scramjet because in provides a rapid fuel
and penetration of the jet into the airflow. A 
schematic of a single transverse injection is shown in 
Fig 2. 

 

Transverse Injection. 

There many shock structures which produce 
pressure loss but involves in creating a vortex pair 
which plays an important role in mixing process. 

and under expanded 
jet penetration into a supersonic flow is known to be 

to- Free-Stream 
Ratio (J) which is defined as 

where the subscript j corresponds to the jet exit 
 corresponds to the free-stream 

Based on the facts, the aim of the present study 
the flame holding and mixing 

y is used with the 
under various jets to free 

stream momentum flu ratio from 0.5 to 2.0. 

Computational Model: 
 The geometric model is modeled based on a 
typical Three Dimensional scramjet combustor of 
Sang-Hyeon Lee et al as in figure 3. The 
(D) of the hydrogen fuel injector is 3.18 mm. The 
length of the combustor is 18D
the fuel injector is located at the distance of 3D from 
the entrance of the combustor. 
 The computational model is 
and meshed by unstructured meshes having 
quadrilateral and hexahedral meshes which consist of 
835868 nodes as shown in Fig 5 & 6.
 In CFD model, the standard K 
model is selected. This is because of its robustness 
and its ability to fit the initial iteration, design lecto 
type and parametric investigation. Further, because 
of detailed intense turbulence combustion, the eddy 
dissipation concept is adopted. The eddy dissipation 
concept is based on the hypothesis of infinitely f
reactions and reaction rate is controlled by turbulent 
mixing.  
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combustor model to increase the mixing there by 
the combustion. the transverse injection is 

one of the reliable method of fuel injection for a 
scramjet because in provides a rapid fuel-air mixing 
and penetration of the jet into the airflow. A 

erse injection is shown in 

The geometric model is modeled based on a 
typical Three Dimensional scramjet combustor of 

as in figure 3. The diameter 
D) of the hydrogen fuel injector is 3.18 mm. The 

of the combustor is 18D and its height is 5.5D. 
the fuel injector is located at the distance of 3D from 

 
The computational model is created in Gambit 

and meshed by unstructured meshes having 
quadrilateral and hexahedral meshes which consist of 
835868 nodes as shown in Fig 5 & 6. 

In CFD model, the standard K – ε turbulence 
model is selected. This is because of its robustness 

ility to fit the initial iteration, design lecto 
type and parametric investigation. Further, because 
of detailed intense turbulence combustion, the eddy 
dissipation concept is adopted. The eddy dissipation 
concept is based on the hypothesis of infinitely fast 
reactions and reaction rate is controlled by turbulent 
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Fig. 3: Geometry of 3D Typical Scramjet Combustor. 
 

 
 
Fig. 4: Meshed Scramjet Combustor. 
 

 
 
Fig. 5: Meshed Cavity and Injector. 
 
Chemical Reaction Model: 
 The chemistry model includes nine species (H, 
O, H2, O2, H2O, HO2, H2O2, OH, N2) and eight 
elementary reactions steps. The kinetic data for this 

model are taken from Casimir J. Jachimowski 
(1988). The reaction steps and the rate coefficients 
are given in Table 1. 

 
Table 1: Jachimowski’s Hydrogen-Air Mechanism. 

Reaction A n E 
(1) H2 + O2 → OH + OH 1.70E+13 0 48000 
(2) H + O2 → OH + O 2.60E+14 0 16800 
(3) O + H2 → OH + H 1.80E+10 1 8900 

(4) OH + H2 → H2O + H 2.20E+13 0 5150 
(5) OH + OH → H2O + O 6.30E+12 0 1090 

(6) H + OH + M → H2O + M 2.20E+22 -2 0 
(7) H + H + M → H2 + M 6.40E+17 -1 0 
(8) H + O + M → OH + M 6.00E+16 -0.6 0 

Notes: The specific reaction-rate coefficients are given in Arhennius form, k = ATn exp( -E / RT) with units of seconds, moles, cubic 
centimeters, calories and degrees Kelvin. The rates for the reversed steps are obtained from NIST-JANNAF thermochemical equillibrium 
data. The third-body efficies are as follows: 
Reaction (6) → N2 – 1.0 ; H2O - 6.0 
Reaction (7) → N2 – 1.0 ; H2O – 6.0 ; H - 2.0 
Reaction (8) → N2 – 1.0 ; H2O – 5.0 
 
Code Verification: 
 To validate the code, the results are compared 
with the experimental result of Gruber et al] (2001) 
of L/D ratio of 5 without swept angle as shown in 
Figure 7. 
 The wall pressure is normalized by the 
stagnation pressure of the free stream. In figure 8, the 
effective distance of the cavity flame holder 

comprises of the cavity leading edge, the cavity floor 
face and the cavity trailing edge.  
 Good agreement is observed between the 
computed and experimental results. Therefore we 
conclude that the numerical method employed in this 
investigation can be used with confidence to simulate 
the flow field in the scramjet combustor with the 
cavity flame holder. 
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RESULTS AND DISCUSSION: 
 
Flow Condition:  
 Based on the above validation, the numerical 
calculation is then applied to a reactive cavity flow 

 
Fig. 6: Wall Static Pressure Distribution  L/D 
  

 
Fig. 7: Bottom Wall Pressure Distribution
 
Table 2: Computational conditions. 

Free stream Mach of Air
Static  Pressure

Static  Temperature
Mass Fraction 

Fuel Injector Exit Mach
Static Temperature

(Auto-Ignition)
Mass Fraction 

Size of the Injector Exit

 
Global mixing process: 
 To understand the overall trends of mixing 
process the mass-fractions of injectant are plotted in 
Figure 9. The fig shows the mixing trends when the 
values of jet-to-cross flow momentum flux r
varied from 0.5, 1.0, 1.5 and 2.0 respectively
 The comparison among the figures shows the 
mixing rate decreases and the penetration
the injectant increases as the value of  J increases. 
This fact suggests that the value of J should be 
carefully selected for a Scramjet Combustor
the mixing rate and penetration distance of injectant, 
important parameters of the fuel-air 
opposite trends with the variance of the value of J 
each other. 
Mixing Rate: 
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Based on the above validation, the numerical 
calculation is then applied to a reactive cavity flow 

with fuel injection at upstream of the cavity for the 
conditions given in Table 2. 
 
 

 

 

Wall Static Pressure Distribution  L/D – 5 without swept angle. 

 

Wall Pressure Distribution. 

Free stream Mach of Air M – 1.95 
Static  Pressure P   – 40000 Pa

Static  Temperature T   – 1600 K
 O2 – 0.21, N2 –

Fuel Injector Exit Mach M – 1.0 
Static Temperature 

Ignition) 
T   -  858 K

 H2  - 1.0 
Size of the Injector Exit D – 3.18 mm

To understand the overall trends of mixing 
fractions of injectant are plotted in 

The fig shows the mixing trends when the 
cross flow momentum flux ratio J are 

respectively.  
figures shows the 

mixing rate decreases and the penetration distance of 
the injectant increases as the value of  J increases. 
This fact suggests that the value of J should be 
carefully selected for a Scramjet Combustor, since 

ng rate and penetration distance of injectant, 
air mixing; show 

opposite trends with the variance of the value of J 

 Mixing rate is one of the most important 
characteristics, since the combustion process strongly 
depends on mixing process. The figure 
mixing rate in the model by varying value of jet to 
cross flow momentum flux ratios. The definition of 
mixing rate is the decay rate of maximum mass 
fraction of fuel. The enhancement of mixing rate is 
resulted due to existence of the cavity that makes 
expansion waves near the injection port. It is 
believed that the enhancement of the mixing rate is 
strongly related with the stream wise vorticity.
 Another important feature shown in the figure 
is the fact, that the mixing rate are closely related 
with the value of Jet-to-Cross flow momentum flux 
ration J. The case with higher of J shows slower 
mixing than that with lower value of J. this is due to 
weak inertia force of the injectant flow with small 

December, Pages:51-57 

with fuel injection at upstream of the cavity for the 

 
40000 Pa 

K 
– 0.79 
 

858 K 

 
3.18 mm 

Mixing rate is one of the most important 
, since the combustion process strongly 

depends on mixing process. The figure 10 shows the 
mixing rate in the model by varying value of jet to 
cross flow momentum flux ratios. The definition of 
mixing rate is the decay rate of maximum mass 

. The enhancement of mixing rate is 
resulted due to existence of the cavity that makes 
expansion waves near the injection port. It is 
believed that the enhancement of the mixing rate is 
strongly related with the stream wise vorticity. 

ature shown in the figure 10 
is the fact, that the mixing rate are closely related 

Cross flow momentum flux 
ration J. The case with higher of J shows slower 

that with lower value of J. this is due to 
of the injectant flow with small 
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value of J. The airflow can penetrate more easily into 
the injectant flow with lower value of J than that with 
high value of J. Considering only the mixing rate, the 
value of J should be reduced as lower as possible. 

However, as mentioned above, a trade-off of 
penetration distance of injectant into the airflow 
should be considered. 

 

  
J – 0.5 J – 0.5 

  
J – 1.0 J – 1.0 

  
J – 1.5 J – 1.5 

  
J – 2.0 J – 2.0 

Fig. 8: Overall View of Mixing Process. 
Fig. 9 : Comparison of Mixing Rate by Decay rate of Mass    
      fraction of H2 

 
 The streamwise vorticity has great influence on 
the mixing process in high-speed flow. The 
streamwise vorticity produce large convection flow 
in the plane perpendicular to the direction of main 
stream and promote the mixing between the air and 
injectant. Due to presence of the cavity there is a 
strong vorticity is observed above the cavity which 
may aid in the mixing of the fuel-air mixture and 
which will create a strong recirculation zone with in 
the cavity. Transverse injection across the supersonic 
flow also produces strong vortex flow beside and 
behind the injectant flow. Therefore, there must be 
strong influence of stream wise vorticity on the 
mixing characteristics. Transverse injection offer 
relatively rapid near-field mixing and good fuel 
penetration. The presence of cavity near to the 
injectant port creates recirculation zone and pool of 

radicals within the cavity which increases the 
residence time of the mixture and the mixing. 
 
Conclusion:  
 In this paper, in order to investigate the flame 
holding mechanism of the cavity in supersonic flow, 
the two-dimensional coupled implicit RANS 
equations, the standard k- ε turbulence model and the 
finite-rate/eddy-dissipation reaction model are 
introduced to simulate the flow field of the hydrogen 
fueled scramjet combustor with a cavity in hot flow. 
The maximum temperature obtained is 2515 K which 
is similar to the experimental and computational 
results of J.Philip Drummond et al[4]. Further there is 
better mixing in the combustor chamber and cavity 
acts as flame holder and continuous ignition source. 
Maximum temperature is along the walls of 
combustor.  
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Nomenclature: 
Symbols: 
D - Diameter of injector nozzle 
J - Jet-to-free-stream momentum flux ratio 
M - Mach number 
P0 - Average stagnation pressure 
p - Static pressure 
T -  Temperature 
Ws - Molecular weight of species 
Dc - Cavity Depth 
µ – Dynamic viscosity 
ν – Kinematic viscosity 
ρ - Density 
 
Abbreviations: 
a - air 
f - fuel jet 
s - species 
w - wall 
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