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Numerical Analysis of Supersonic Combustion by Strut
Flat Duct Length with S-A Turbulence Model
K.M.Pandey and A.P. Singh

Abstract—In this numerical study, supersonic combustion
of hydrogen has been presented with strut flat duct length. The
combustor has a single fuel injection parallel to the main flow
from the base. Finite rate chemistry model with S-A Model
have been used for modeling of supersonic combustion. In this
paper strut at 60 with flat duct length analyzed for without
hydrogen injection, with hydrogen injection and hydrogen
injection with combustion. The investigation of the shock
system produced by a strut injector with subsequent mixing,
ignition and flame stabilization showed that the characteristics
of the ignition process is considerably different from the shock
induced ignition which has been postulated in the past. The
ignition is achieved through the irreversible total pressure loss
in the wake of Strut due to flat duct length. Flat duct lengths
allow the ignition delay to occur before the pressure and
temperature is decreased by the expansion. The presence of a
boundary layer in the chamber changes the shock system and
the ignition conditions in the chamber considerably.
Index Term—supersonic combustion, S-A model, finite rate,
stagnation temperature, flame speed, Mach number.

I.

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
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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 highvelocity and high-temperature flow for known initial
parameters
is
considered.This
was
given
by
Mr.P.K.Tretyakov[1].
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& Arifnur Hakim et al. [2] using a reflectedtype 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[3]. 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.

II.
A.

MATERIAL AND METHODS MATHEMATICAL MODEL
Physical Model

Figure 1 Physical model of strut with flat duct length Supersonic
Combustor.

B.
Governing Equations
The advantage of employing the complete Navier-Stokes
equations extends not only o the investigations that can be
carried out on a wide range of flight conditions and
geometries, but also in the process the location of shock
wave, as well as the physical characteristics of the shock
layer, can be precisely determined. We begin by describing
the three-dimensional forms of the Navier-Stokes equations
below. Note that the two-dimensional forms are just
simplification of the governing equations in the three
dimensions by the omission of the component variables in
one of the co-ordinate directions. Neglecting the presence of
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body forces and volumetric heating, the three-dimensional
Navier-Stokes equations are derived as[34]
Continuity:
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where µ0 and T0 are reference values at standard sea level
conditions.
Generalized form of Turbulence Equations is as follows :

(1)

x-momentum:
+

.

+
+

C.
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:
(8)
2H2 + O2 → 2H2O.

=
+
5

+

Assuming a Newtonian fluid, the normal stress σxx, σyy,
and σzz can be taken as combination of the pressure p and
the normal viscous stress components τxx, τyy, and τzz
while the remaining components are the tangential viscous
stress components whereby τxy= τyx, τxz= τzx, and τyz= τzy.
For the energy conservation for supersonic flows, the
specific energy E is solved instead of the usual thermal
energy H applied in sub-sonic flow problems. In three
dimensions, the specific energy E is repeated below for
convenience:
u2 + v2 + w2)

E=e+

III.

COMPUTATIONAL MODEL PARAMETER

A.
Geometry and Grid Arrangement
The geometry 2d axi-symmetric computational domain
was considered for the simulation of supersonic
combustion , the initial design parameters for de Laval
nozzle has taken at Mach 2 This was obtained by method of
characteristics of nozzle program.

(6)

It is evident from above that the kinetic energy term
contributes greatly to the conservation of energy because of
the high velocities that can be attained for flows, where
Ma>1. Equations (1)-(6) represent the form of governing
equations that are adopted for compressible flows.
The solution to the above governing equations
nonetheless requires additional equations to close the
system. First, the equation of state on the assumption of a
perfect gas in employed, that is,

Figure 2 grid refinement of combustor

B.
Numerical Methodology
The model supersonic combustor considered in the
present work is show in figure 2. The combustor is 2.2 m
long, and .06 m high at inlet and 0.2 m at exit. Vitiated air
enter through the inlet with hydrogen being injected through
at de-laval nozzle exit. The Mach number at inlet is two and
stagnation temperature and pressure for Vitiated air are
1000K and 2.65 bar respectively. Fuel is injected from the
base which located at nozzle exit. The inlet condition of the
H2 is considered as mass flow rate at 1 bar. In addition,
2ddp coupled with explicit model, turbulence and finite rate
chemistry are also considered.

P=ρRT,
where R is the gas constant.
Second, assuming that the air is calorically perfect, the
following relation holds for the internal energy:
e= CvT,
where Cv is the specific heat of constant volume. Third, if
the Prandtl number is assumed constant (approximately 0.71
for calorically perfect air), the thermal conductivity can be
evaluated by the following:

IV.

RESULTS AND DISCUSSION

Figure 3 shows the experimental and numerical shadow
photograph as well as perspective view from the rear, in
terms of velocity, H2 concentration, density, temperature
and pressure. In the contour plot of the Mach number figure
3 the light shaded area indicates subsonic flow. In this the

μC

k=

The Sutherland’s law is typically used to evaluate
viscosity µ, which is provided by
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shear layers, originating at the upper and lower corners of
the wedge, are much more pronounced in the combustion
case because the combustion occurs within the shear layers
between the hydrogen rich wake and free downstream air.
The lower shock wave generates a strong pressure gradient
in the hydrogen jet leading to a slight expansion of the jet.
The contour of the jet, which can be represented by the Ma=
1 line, acts for the outer flow on the upper side of the jet as a
compression ramp, resulting in the shock wave merging
with the upper recompression shock at the upper wall. The
flow can be roughly divided in to three regions: the
introduction zone, where the turbulence determines the
mixing and the mixing and the progress of combustion; a
transitional zone that is dominated by large scale coherent
flow structure, convective mixing, air entrainment and
exothermicity, and highly turbulent combustion zone with
large scale coherent structure and mixing. The large-scale
structure originates in the shera layers that’s roll-up, and
become increasingly distorted with downstream due to
vortex breakdown, occupying large part of the combustor
due to dilatation resulting from exothermicity. The
exothermicity leads to an overall increase in shear-layer
thickness, which in turn, affect the subsequent reflection of
the leading shock and the overall combustion chamber
pressure. The large-scale structure causes momentum
exchange by mixing high momentum air and low
momentum hydrogen or product wake flow forcing from
subsonic flow through supersonic free stream flow, together
with exothermicity within thease structure.

agreement with experimental data expansion fans. Near the
base of the wedge associated with low base pressure and
recompression shocks. After some distance the flow in the
wake of the wedge accelerated back to the supersonic speed.

Figure 4. Contour of density without hydrogen injection.

Figure 5. Contour of pressure without hydrogen injection.

Figure 6 Contour of Density without combustion

A.
Injection without Combustion.
In this present study injection of hydrogen without
combustion is investigated. In figure 6 the flow from left to
right, and the wedge , at the base of which hydrogen is
injected in to the air steam is clearly visual. An oblique
shock wave is formed on the tip of the wedge which reflect
the upper and lower wall of the combustion chamber
downstream of the recirculation bubble behind the wedge.
This causes the characteristics shock pattern in the
downstream region of the combustor. at the upper and lower
walls the boundary layer is strongly affected by the
reflection of this oblique shock wave. The boundary layer
on the wedge surface separates at the base and shear layer is
formed and naturally this is unstable. Before this process is
completed, the reflection from the oblique shock at the tip
of the wedge have started to interacted with shear layer

Figure 3. shadow Picture(top), Mach Number(middle) and density(bottom)
Contour plot. The blue Shaded area indicates the region of subsonic flow.

Simulation of Flow in the Combustion Chamber:Two dimensional simulation of the flow in the chamber at
(P0=7.8 bar, T0=612K, M=2) were analyzed chamber
operation in order to see shock system and to obtain the
zones with favorable condition for the self ignition. The
contours of the density and static pressure are shown in the
figure 4 and 5. The shock system produced by the strut
increase the static temperature in the chamber. Without
hydrogen injection strong expansion fans at the upper and
lower corner of the wedge rapidly deflects the flow towards
the center line here oblique shock waves show very good

A detailed view inside the flow can be gaimned by
comparing the experiment with computation Clearly seen
are the overall complex flow structure with the leading
shock waves generated at the tip of the wedge, the
expansion fans at the base of the wedge followed by a re195
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compression shock, and some shock reflections and
deflections respectively. Figure 2 shows the pressure
contours for the flat strut configurations at the plane of
symmetry, the bottom wall, and a cross-sectional plane at
the trailing edge of the strut. The oblique-shock systems
created by these strut designs are highly three-dimensional
flow structures. A bow-shock-type system can be observed
in the cross-sectional plane (Figure 7).

Figure 10. Contour of density with combustion.

Figure 7. Contour of pressure without combustion.

Figure 11. Contour of pressure with combustion.

Figure 8 Pressure Distribution at middle of the channel at y=25mm

Figure 12. X Y Plot of pressure with combustion.

Figure 9 cross stream velocity profile at x=276

B.
Injection with Combustion
The path line of the density contour and static pressure
contour are presented here. As a result of pressure rise due
to combustion, the expansion fan around the corner of the
wedge that was seen previously, now it is totally absent. The
region of subsonic flow is indicated in the pressure plot.
From XY plot of static pressure for combustion chamber it
is clearly visualized that after the hydrogen injection there is
sudden increment in static pressure. Here hydrogen is
injected through holes in the rear end of the wedge shaped
flame holder, forming a combustible mixture, which is
ignited, leading, in turn, to combustion of the hydrogen fuel.
Comparison of this figure with figure 7 shows that the
pressure rise due to combustion is not very high because in

Figure 13. X Y Plot of Temperature with combustion.

this model equivalence ratio being quite low. Here in this
figure Reflected shock wave from the bottom wall is
stronger compare to that from the top wall. Actually the fuel
is injecte in to tis subsonic zone, which helps in flame
stabilization. From the XY plot of the static temperature
after the injection of the hydrogen, the mixture is ignited
and reaches up to 2700k as air in this model enters at 1200k.
this computational result shows the fair agreement with
Overmann report and also with experimental data[37].
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Figure 14 X Y Plot of Temperature with combustion
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V.

CONCLUSION

S-A Turbulent combustion model-flamelet model and
finite rate reacting model are applied to simulate the
supersonic combustor model. In this paper strut at 60 with
flat duct length analyzed for without hydrogen injection,
with hydrogen injection and hydrogen injection with
combustion. The investigation of the shock system produced
by a strut injector with subsequent mixing, ignition and
flame stabilization showed that the characteristics of the
ignition process is considerably different from the shock
induced ignition which has been postulated in the past. The
ignition is achieved through the irreversible total pressure
loss in the wake of Strut due to flat duct length. Flat duct
lengths allow the ignition delay to occur before the pressure
and temperature is decreased by the expansion. The
presence of a boundary layer in the chamber changes the
shock system and the ignition conditions in the chamber
considerably. When the combustion takes place in the entire
chamber, an unstable shear layer is formed, before this
process is completed, the reflection from the oblique shock
at the tip of the wedge has started to interact with shear
layer. To detailed study of species concentration also help in
better understanding in present model.

[11]

[12]
[13]

[14]

[15]
[16]
[17]

[18]
[19]

ACKNOWLEDGEMENT

[20]

The authors acknowledge the valuable suggestions from
Prof. E. Rathakrishnan, Professor, Department of aerospace
engineering, IIT Kanpur , India. The authors acknowledge
the financial help provided by AICTE from the project
AICTE: 8023/RID/BOIII/NCP(21) 2007-2008 .The Project
id at IIT Guwahati is ME/P/USD/4.

[21]

[22]
[23]

REFERENCES
[1]
[2]

[3]
[4]
[5]

P.K. Tretyakov “The Problems Of Combustion At Supersonic Flow”
West-East High Speed Flow Field Conference 19-22, November 2007.
Shigeru Aso, Arifnur Hakim, Shingo Miyamoto, Kei Inoue And
Yasuhiro Tani
“ Fundamental Study Of Supersonic
Combustion In Pure Air Flow With Use Of Shock Tunnel” , Acta
Astronautica 57 (2005) 384 – 389.
T. Cain And C. Walton “Review Of Experiments On Ignition And
Flame Holding In Supersonic Flow” Published By The America
Institute Of Aeronautics And Astronautics, Rto-Tr-Avt-007-V2.
H. Mo¨Bus, P. Gerlinger, D. Bru¨Ggemann “Scalar And Joint ScalarVelocity- Fequency Monte Carlo Pdf Simulation Of Supersonic
Combustion” Combustion And Flame 132 (2003) 3–24.
Peter Gerlinger, Peter Stoll 1, Markus Kindler , Fernando Schneider
C, Manfred Aigner “Numerical Investigation Of Mixing And

197

[24]

[25]

[26]
[27]

Combustion Enhancement In Supersonic Combustors By Strut
Induced Streamwise Vorticity”, Aerospace Science And Technology
12 (2008) 159–168.
K. Kumaran, V. Babu “Investigation Of The Effect Of Chemistry
Models On The Numerical Predictions Of The Supersonic
Combustion Of Hydrogen”, Combustion And Flame 156 (2009) 826–
841.
Zhiliang Xuxk, Myoungnyoun Kimxk, Wonho Ohzk, James
Glimmzxk, Roman Samulyakx, Xiaolin Liz And Constantine Tzanos
“Atomization Of A High Speed Jet” April 14, 2005, U.S. Department
Of Energy
Jean-Francois Izard , Arnaud Mura “Stabilization Of Non-Premixed
Flames In Supersonic Reactive Flows” Combustion For Aerospace
Propulsion, Cras2b:2818,
C. Gruenig* And F. Mayinger “Supersonic Combustion Of
Kerosene/H2-Mixtures In A Model Scramjet Combustor” , Institute A
For Thermodynamics, Technical University Munich, D-85747
Kyung Moo Kim 1, Seung Wook Baek *, Cho Young Han
“ Numerical Study On Supersonic Combustion With Cavity-Based
Fuel Injection”, International Journal Of Heat And Mass Transfer 47
(2004) 271–286 ,
Kenji Miki, Joey Schulz, Suresh Menon “Large-Eddy Simulation Of
Equilibrium Plasma-Assisted Combustion In Supersonic Flow”,
Proceedings Of The Combustion Institute 32 (2009) 2413–2420,
Atlanta, Ga 30332-0150,
P Manna, D Chakraborty “Numerical Simulation Of Transverse H2
Combustion In Supersonic Airstream In A Constant Area Duct”, Vol.
86, November 2005, ARTFC.
G. Yu, J.G. Li, J.R. Zhao, L.J. Yue, X.Y. Chang, C.-J. Sung “An
Experimental Study Of Kerosene Combustion In A Supersonic Model
Combustor Using Effervescent Atomization”, Proceedings Of The
Combustion Institute 30 (2005) 2859–2866,
Chadwick C. Rasmussena, James F. Driscolla, Kuang-Yu Hsub,
Jeffrey M. Donbarc, Mark R. Gruberc, Campbell D. Carter “Stability
Limits Of Cavity-Stabilized Flames In Supersonic Flow”,
Proceedings Of The Combustion Institute 30 (2005) 2825–2833.
A. R. Srikrishnan , J. Kurian And V. Sriramulu “An Experimental
Investigation Of Thermal Mixing And Combustion In Supersonic
Flows”, Combustion And Flame 107:464-474 (1996).
Yuan Shengxue, “On Supersonic Combustion”, Voi. 42 No. 2,
Science In China (Series A) February 1999.
Zheng Chen, Xiao Qin, Yiguang Ju *, Zhenwei Zhao, Marcos Chaos,
Frederick L. Dryer, “High Temperature Ignition And Combustion
Enhancement By Dimethyl Ether Addition To Methane–Air
Mixtures”, Proceedings Of The Combustion Institute 31 (2007)
1215–1222.
Y. D’angelo, “Computation Of The Flow Structure Of An
Hydrogen/Air Mixture Downstream Of A Steady System Of Shock
Waves”, Aerospace Science And Technology, 1997, No 5, 309-327.
S. Javoy , V. Naudet , S. Abid , C.E. Paillard, “Elementary Reaction
Kinetics Studies Of Interest In H2 Supersonic Combustion
Chemistry”, Experimental Thermal And Fluid Science 27 (2003)
371–377.
H. Nagata, M. Sasaki, T. Arai, T. Totani, And I. Kudo, “Evaluation
Of Mass Transfer Coefficient And Hydrogen Concentration In
Supersonic Flow By Using Catalytic Reaction”, Proceedings Of The
Combustion Institute, Volume 28, 2000/Pp. 713–719,
A. Ben-Yakar And R. K. Hanson, “Experimental Investigation Of
Flame-Holding Capability Of Hydrogen Transverse Jet In Supersonic
Cross-Flow”, Twenty-Seventh Symposium (International) On
Combustion/The Combustion Institute, 1998/Pp. 2173–2180,
M. Leyko , F. Nicoud , S. Moreau And T. Poinsot, “Numerical And
Analytical Investigation Of The Indirect Combustion Noise In A
Nozzle”, Combustion For Aerospace Propulsion, Cras2b:2838.
Doyoung Byun And Seung Wook Baek, “Numerical Investigation Of
Combustion With Non-Gray Thermal Radiation And Soot Formation
Effect In A Liquid Rocket Engine”, International Journal Of Heat
AndMass Transfer 50 (2007) 412–422,
K.M. Pandey and A.P Singh, “CFD Analysis of Conical Nozzle For
Mach 3 At Degrees Of Angle Of Divergence With Fluent Software”
International Journal of chemical Engineering and Application ,Vol.1, No. 2, August 2010,ISSN- 2010-0221, pp 179-185.
Kenichi Takita, “Numerical Simulation Of A Counterflow Diffusion
Flame In Supersonic Airflow”, Twenty-Sixth Symposium
(International) On Combustion/The Combustion Institute, 1996/Pp.
2877–2883.
J.X. Wen*, B.P. Xu And V.H.Y. Tam, “Numerical Study On
Spontaneous Ignition Of Pressurized Hydrogen Release Through A
Length Of Tube”, Combustion And Flame 2009.
Wookyung Kim , Hyungrok Do, M. Godfrey Mungal And Mark A.

IACSIT International Journal of Engineering and Technology, Vol.3, No.2, April 2011

[28]

[29]
[30]
[31]

[32]

[33]

Cappelli, “Optimal Discharge Placement In Plasma-Assisted
Combustion Of A Methane Jet In Cross Flow”, Combustion And
Flame 153 (2008) 603–615.
Valeriyi.Timoshenko, Igors.Belotserkovets And Vjacheslavp.Gusinin,
“Problems Of Providing Completeness Of The Methane-Containing
Block-Jet Combustion In A Rocket-Ramjet Engine’s Combustion
Chamber”, Acta Astronautica .2009.03.033.
B.E. Milton And K. Pianthong, “Pulsed, Supersonic Fuel Jets—A
Review Of Their Characteristics And Potential For Fuel Injection”,
International Journal Of Heat And Fluid Flow 26 (2005) 656–671.
S. Zakrzewski, B.E. Milton, K. Pianthong And M. Behnia,
“Supersonic Liquid Fuel Jets Injected Into Quiescent Air”,
International Journal Of Heat And Fluid Flow 25 (2004) 833–840.
A.M. Starik, N.S. Titova, L.V. Bezgin, And V.I. Kopchenov, “The
Promotion Of Ignition In A Supersonic H2–Air Mixing Layer By
Laser-Induced Excitation Of O2 Molecules: Numerical Study”,
Combustion And Flame 156 (2009) 1641–1652.
Chadwick C. Rasmussen, Sulabh K. Dhanuka, And James F. Driscoll,
“Visualization Of Flameholding Mechanisms In A Supersonic
Combustor Using Plif”, Proceedings Of The Combustion Institute 31
(2007) 2505–2512.
P. Magre, G. Collin, O. Pin, J.M Badie, G. Olalde And M. Clement,

[34]
[35]

[36]

[37]
[38]

198

Temperature Measurement By Cars And Intrusive Probe In An AirHydrogen Supersonic Combustion, International Journal Of Heat And
Mass Transfer 44(2001) 4095-4105.
Jiyun tu, guan Heng yeoh and chaoqun liu. “Computational Fluid
Dynamics” Elsevier Inc. 2008.
K.M. Pandey and A.P Singh, “Recent Advances in Experimental and
Numerical Analysis of Combustor Flow Fields in Supersonic Flow
Regime” International Journal of chemical Engineering and
Application,Vol.-1, No. 2, August 2010,ISSN- 2010-0221, pp 132137.
Deepu, Mukundan N., Gokhale, Sadanand. S., jayaraj, Simon,
“Numerical Analysis of Supersonic combustion using unstructured
Point Implict finite Volume Method”, Journal of combustion Society
of Japan, Vol. 48 No. 144(2006) 187-197.
M. oevermann, “Numerical investigation of turbulent hydrogen in a
scramjet using flamelet modeling” Aerosp. Sci. Technol. 4(2000)
463-480.
K.M. Pandey and A.P Singh, “Design and development of De-Laval
nozzle for Mach 3 and 4 using Method of charcterstics with fluent
software” ISST Journal of Mechanical Engineering, Vol.-1, No. 1,
Jan-June 2010, ISSN- 0976-7371, pp 61-72..

