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Computational Analysis of Supersonic
Combustion Using Wedge-Shaped Strut Injector
with Turbulent Non-Premixed Combustion
Model

S. Roga, K. M. Pandey, A. P. Singh

Abstract:- This paper presents the supersonic combustion of
hydrogen using wedge-shaped strut injector with two-dimensional
turbulent non-premixed combustion model. The present model is
based on the standard k-epsilon (two equations) with standard
wall functions which is P1 radiation model. In this process, a PDF
(Probability Density Function) approach is created and this
method needs solution to a high dimensional PDF transport
equation. As the combustion of hydrogen fuel is injected from the
wedge-shaped strut injector, it is successfully used to model the
turbulent reacting flow field. It is observed from the present work
that, the maximum temperature occurred in the recirculation
areas which is produced due to shock wave-expansion and the
fuel jet losses concentration and after passing successively
through such areas, temperature decreased slightly along the
axis. From the maximum mass fraction of OH, it is observed that
there is very little amount of OH around 0.0027 were found out
after combustion. By providing wedge-shaped strut injector,
expansion wave is created which cause the proper mixing between
the fuels and air which results in complete combustion.

Index Terms:- CFD, combustion, hydrogen fuel,
non-premixed combustion, scramjet, standard k-epsilon
turbulence model, standard wall functions, steady state,
supersonic combustion, two-dimensional, wedge-shaped strut
injector.

I. INTRODUCTION

Supersonic combustion ramjet (scramjet) is the key enabling
technology for endure hypersonic flights. In the present
scramjet engines the combustor length is generally of the
order of 1 m and the residence time of the mixture is of the
order of milliseconds. Problems occur in the mixing of the
reactants, flame stability and completion of the combustion
within the limited combustor length which occurs due to high
speed of the supersonic flow in the combustion chamber. The
flow field in the scramjet combustor is highly complex which
shows 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
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by machines is required in order to obtain a higher efficiency.
In a supersonic combustion ramjet or scramjet, the flow is
compressed and decelerated using a series of oblique shock
waves. A scramjet engine is well known as hypersonic
air-breathing engine in which heat release due to combustion
process, occurs in the supersonic flow relative to the engine.
Therefore, the flow velocity throughout the scramjet remains
supersonic and thereby it does not require mechanical
chocking system [1]. The scramjet propulsion system consists
of the forebody, internal inlet, isolator, combustor, internal
nozzle, aftbody and fuel supply subsystem [2].

Scramjet combustor advances from the better performance
of an air-breathing propulsion system. Scramjet necessitates a
combustor having an efficient fuel-air mixing and
combustion of fuel with air at supersonic speeds without
much pressure loss[3,4]. Many experimental and numerical
analyses have been reported during the last few decades
with respect to the characteristics of the complex flow field,
resulting due to fuel-air mixing and combustion. Riggins
[5,6], et al. observed that, the shock waves, incomplete
mixing and viscous effects are the main factors leading to
the thrust loss in supersonic combustors, though these effects
aid mixing. Strut injectors offer a possibility for parallel
injection without causing much blockage to the incoming
stream of air and also fuel can be injected at the core of
the stream. Tomioka[7,8] et al. observed the effects of staged
injection  from  struts. Gerlinger and Bruggemann[9]
conducted a numerical investigation of hydrogen injection
from strut to foresee the effects of lip thickness of the
injector in mixing. They concluded that, the increase in lip
thickness caused an increase in mixing layer due to the
raised diffusivity associated with it which did not have
much effect on mixing efficiency.

The air flow entering a combustor will remain supersonic
after the optimal compression when the flight speed is higher
than a certain value and that time the efficiency of the engine
will decrease with a further compression. Therefore, the
combustion has to take place under the supersonic flow
condition. 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 which was given by
Mr. P. K. Tretyakov [10].
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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 ascertains together with the duct geometry,
techniques for flame initiation and stabilization, injection
techniques, quality of mixing the fuel with oxidizer and the
gas-dynamic flow regime. The study of supersonic
combustion of hydrogen has been conducted by Shigeru Aso
and Arifnur Hakim et al. [11] and using a reflected-type shock
tunnel which generated a stable supersonic air flow of Mach 2
with the total temperature of 2800K and the total pressure of
0.35 MPa.

As the flight Mach number goes above the range of 3 to 6,
the use of supersonic combustion allows higher specific
impulse. These elevated temperatures are sufficient enough to
melt down most of the known materials [12]. The increased
temperatures can cause the disassociation of the combustion
products, thus in-turn limiting the temperature rise and
thereby reducing thermal efficiency. The near-stagnation
pressure resulting from slowing down high speed supersonic
flow to subsonic conditions can advance the burner inlet
pressure. As inlet pressure of burner is the highest pressure
within a scramjet combustor, elevating this pressure will
cause the mechanical and thermal loads to increase. This will
call for an increased weight so as to withstand the structural
loads. Thus, the structural integrity of the vehicle dictates the
supersonic combustion past Mach 6. Hence, to obtain higher
flight Mach numbers, the heat release due to combustion
should take place at supersonic velocities. This proves that
supersonic combustion ramjet or scramjet is an essential and
efficient solution for hypersonic flight applications [13].

Supersonic combustion data obtained at the low static
temperatures annexation for an efficient scramjet engine are
reviewed by T. Cain and C. Walton [14]. The main attention
is focused at the methods by which the fuel was ignited and
combustion maintained which 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. A numerical
study of mixing and combustion enhancement has been
performed by Peter Gerlinger and Peter Stoll et al. [15] 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 and V.Babu [16] observes that, the effect of
chemistry models on the predictions of supersonic
combustion of hydrogen in a model combustor. The
calculations show that, the multi step chemistry predicts
higher and wider spread heat release than what is predicted by
single step chemistry. A Lagrangian model of turbulent
combustion in supersonic flows has been used in conjunction
with an efficient RANS-AMA strategy to simulate both
reactive and non-reactive turbulent supersonic jet engines.
Liquid hydrocarbon supersonic combustion has been
experimentally investigated by C. Gruenig* And F [17].
Kerosene was burnt in a steady, vitiated Mach 2.15 of 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
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additional fuel jet dispersion is not necessary for the
supersonic combustion if the fuel is injected normally into the
cross flow. P.Manna & D.Chakraborty et al.[18] shows that,
the reacting/low field of hydrogen-air combustion behind a
backward fating step in a constant area combustor which is
simulated numerically by solving three-dimensional
Navier-Stokes equations along with k-epsilon turbulence
model and fast rate chemistry. Investigation of kerosene
combustion in a Mach 2.5 flow was carried out using a
supersonic combustor model with cross-section area of (51 x
70) mm and different integrated fuel injector/flame-holder
cavity modules is done. The experiments with pure liquid
atomization and with effervescent atomization were
characterized and compared. Within the same operational
conditions, comparison of the measured static pressure
distributions along the combustor also shows that, the
effervescent atomization usually guides to better combustion
performance than the use of pure liquid atomization.

Il. MATERIAL AND METHODS

A. Physical model

A mathematical model comprises equations relating the
dependent and the independent variables and the relevant
parameters that describe some physical phenomenon. In
general, a mathematical model consists of differential
equations that govern the behavior of the physical system, and
the associated boundary conditions which is shown in figurel.
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5000 =] 12"=— Fullnlt & H: Jet Pressure Outlet —e
' §

2300 o4

All dimensions arc in mm
Fig.1. Physical model of Non-premixed supersonic
combustor

B. Governing equations

The advantage of employing the complete Navier-Stokes
equations extends not only 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 exactly 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 ofbody
forces and volumetric heating, the three-dimensional
Navier-Stokes equations are derived as [19]:

Continuity equation:

op 9(pu) 0(pv) O(pw)
ﬁp + ['; + og[ + ; =0 (l)
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X-momentum equation:

o) | o) olpm) o) P Ok Oy
a tTx Ty TTa T Ty ta
Y-momentum equation:

a(pv)  o(pw) d(pw) d(pwv) Ory Doy, Oty 3)
a "TTx Ty TTa T & Ty ta
Z-momentum equation:

a(pw) o(pww)  d(pw)  d(pww) O, Ty 0oy, (@)
a TTx Ty TTa T Tty ta

Energy equation:

8(pE) O(puE) O(pvE) B(pWE)  O(UO+Vryy +Wry, )
X + P + EN + F = x
or ar or
ok=—) ok=) o(k—
a(uryx+vayy+wryz)+a(uz-zx+vrzy+wu-zz)+ ( Bx)+ EY . ( 62)
oy oz ox oy oz

()

Assuming a Newtonian fluid, the normal stress oxx, oyy
and ozz can be taken as combination of the pressure p and the
normal viscous stress components XX, tyy, and tzz while the
remaining components are the tangential viscous stress
components whereby txy= tyX, tXz= 12X, and tyz= 12y. 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:

2 1 w?) ©)

E=e+ % (u2 +V

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
unemployed, that is,

P=pRT

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
0.71for calorically perfect air), the thermal conductivity can
be evaluated by the following:

=*Co
pr
The Sutherland’s law is typically used to evaluate viscosity
w, which is provided by:

u=po| —| QL @
T0 T +120

Where o and T, are the reference values at standard sea
level conditions
Generalized form of Turbulence Equations is as follows:
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I1l. COMPUTATIONAL MODEL PARAMETER

A. Geometry and mesh generation

Mesh generation was performed in a Fluent pre-processing
program called Gambit. The current model is wedge-shaped
strut injector with non-premixed combustion as shown in
figure 2. The boundary conditions are such that, the air inlet
and fuel inlet surfaces are defined as velocity inlets and the
outlet is defined as pressure outlet. Recent research has
revealed that perhaps the numerical model will improve if the
air inlet is defined as pressure inlet and the fuel inlet is defined
as amass flow inlet [20]. In this particular model the walls of
the combustor duct do not have thicknesses. The domain is
completely contained by the combustor itself; therefore there
is actually no heat transfer through the walls of the combustor.

Pressure Outlet

Air Tnlet ==

—

Fuel Inlet
g H2 jet

Fig.2. Two dimensional model of strut injector

B. Geometry and grid arrangement

The geometry of 2-D computational domain was
considered for the simulation of supersonic combustion. The
grid arrangement of two dimensional non-premixed
combustion model is shown in figure 3.

Fig.3. Grid refinement of supersonic combustor

C. Numerical methodology

The model supersonic combustor considered in the present
work is show in figure 2. The combustor is 0.340 m long, 0.05
m at air inlet and 0.06258 m at pressure outlet. Vitiated air
enters through the inlet with hydrogen being injected through
the strut injector. The Mach number at inlet is 2 and
stagnation temperature and static pressure for Vitiated air
are1495K and 1 bar respectively. Fuel is injected from the
base which located at nozzle
exit. The inlet condition of the
H2 is considered as mass flow
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rate at 1 bar. In addition 2ddp coupled with explicit model and
turbulence and finite rate chemistry are also considered.

1IV. BOUNDARY CONDITIONS
TABLE 1

EVANS ET AL.. [21] INFLOW CONDITIONS OF THE AIR STREAM
AND THE HYDROGEN JET.

Sl Free stream Oxidizer Fuel Fuel
No. | conditions Stream
1. | Mach number 2 1 0.03

2. | Temperature (K) 1495 251

3. | Pressure (bar) 1 1
4. | Velocity(m/s) 1510 2432
5. | Mass fraction of H, 0 1
6. | Mass fraction of N, 0.425 0
7. | Mass fraction of O, 0.187 0
8. | Mass fraction of H,0 0.388 0

D. Approximations and idealizations

» The gas is compressible which obeying the real gas laws
and

* The flow is considered to be in steady state which is

non-adiabatic.
V. RESULTS AND DISCUSSION

The results from the numerical simulation for supersonic
combustion using strut injector with non-premixed
combustion model are discussed below:

A. Contours of static temperature

B X7 G s Y TN <G Sl ER SRR ELY: G (Ese eSS RS B K ¥
O = N W O N@e = NWWOoO — = N)WwWws& O,
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Fig.4: Contours of Static Temperature (k)
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Fig.5: X-Y plot of Static Temperature
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Fig.6: Static temperature distribution for air inlet and
pressure outlet

The contour of static temperature of the resulting flow is
shown in figure 4. It is observed from the figure 4 & figure 5
that, the maximum temperature of 1495 k occurred in the
recirculation areas which are produced due to shock wave
interaction and fuel jet losses concentration and the
temperature is decrease slightly along the axis. The blue
streamlines in the image representing the pressure gradients
and hydrogen injection for the shocks. Due to combustion, the
recirculation region behind the wedge shaped becomes larger
as compared to mixing case which acts as a flame holder for
the hydrogen diffusion flame. The leading edge shock
reflected off the upper and lower combustor walls makes the
setting of combustion when it hits the wake in a region where
large portions of the injected fuel have been mixed up with the
air. The recompression shocks at the upper and lower wedge
corners become much weaker than mixing case. The shear
layers at the base of the wedge becomes more pronounced
with combustion due to the fact that continuous ignition
occurs within these shear layers. Figure 5 shows that the
profile between the static temperature and the position of the
combustion on all conditions such as air inlet, fuel inlet,
pressure outlet, default interior and all walls, where the figure
6 shows that the profile between static temperature and the
position of the combustion on air inlet and pressure outlet.

B. Contours of total temperature
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Fig.7: Contours of Total Temperature (k)
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Fig.8: X-Y plot of Total Temperature
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Fig.9: Total temperature distribution for air inlet and
pressure outlet.

o

= s
o

1.75¢+03 3 X

1.50
y Mean
eperature(K) 1.25

1.00e+03

e e

0 01 02 03 04 05 06 07 0.8 09
Mean Mixture Fraction

Fig.10: Contours of Mean Temperature (k)

The contour of total temperature of the resulting flow is
shown in figure 7. It is observed from the figure 7 and figure 8
that, the maximum temperature of 1158.601 k occurred in the
recirculation areas which are produced due to shock wave
interaction and fuel jet losses concentration and the
temperature is decrease slightly a value of 251 along the axis.
The blue streamlines in the image representing the pressure
gradients and hydrogen injection for the shocks. Due to
combustion, the recirculation region behind the wedge
becomes larger as compared to mixing case which acts as a
flame holder for the hydrogen diffusion flame. The leading
edge shock reflected off the upper and lower combustor walls
makes the setting of combustion when it hits the wake in a
region where large portions of the injected fuel have been
mixed up with the air. The recompression shocks at the upper
and lower corners become much weaker than mixing case.
The shear layers at the base of the wedge becomes more
pronounced with combustion due to the fact that continuous
ignition occurs within these shear layers. The figure 8 shows
that the profile between the total temperature and the position
of the combustion on all conditions such as air inlet, fuel inlet,
pressure outlet, default interior and all walls, where the figure
9 shows that the profile between the total temperature and the
position of the combustion on air inlet and pressure outlet.

C. Contours of density

oo oo oo oooooo o

Fig.11: Contours of density (kg/m3)
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Fig.12: X-Y plot of density (kg/m3)
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Fig.13: Contours of density (kg/m3)
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Fig.14: Contours of mean density (kg/m3)

The contours of density are shown in figure 11. From the
figure 11 it is observed that, after the combustion the
maximum density is occurred in the tip of the fuel inlet as
1.143 kg/m> where the minimum density is 0.0653 kg/m®. The
Figure 12 shows that the profile between the density and the
position of the combustion on all conditions such as air inlet,
fuel inlet, pressure outlet, default interior and all walls, where
the figure 13 shows that the profile between the density and
the position of the combustion on air inlet and pressure outlet.

D. Contours of mass fraction of H2

1.00e+00

9.00e-01
8.00e-01 - | 2
7.00e-01 o

6.00e-01 - |

Mass 5.00e-01 - | e
fraction

of 4.00e-01

h2 3.00e-01

2.00e-01 4

1.00e-01 +

0.00e+00 —
-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Position (m)

Fig.15: X-Y Mass fraction of H2
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Fig.16: Contours of Mole fraction of H2

The contour of H, Mass fraction plot for the flow field
downstream of the injector is shown in the figure 15.
Low-velocity regions could be identified along the path of
progress of the hydrogen jet. Alternate compression and
expansion took place for the jet and was not enough to
disorder the flow field much in the region near to the jet
outlets. But the shock wave or expansion wave reflections
interfered with the upcoming jet and localized low velocity
regions were produced. Though, these regions are responsible
for pressure loss of the jet, certainly enhanced the mixing and
reaction. Lip height plays an important role in mixing
enhancement. Figure 15 shows that the profile between the
Mass fraction of H, and the position of the combustion on all
conditions such as air inlet, fuel inlet, pressure outlet, default

interior and all walls.

E. Contours of mass fraction of N2
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Fig.18: X-Y Mass fraction of N2
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Fig.19: Contours of Mass fraction of N2 for air inlet and
pressure outlet.
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Fig.20: Contours of Mole fraction of N2

The contour of N, Mass fraction for the flow field
downstream of the injector is shown in the figure 17. The
major ratio of the N, to the O, is 3.76. When air supplies the
O, in a combustion reaction_therefore every mole of O, is
accompanied by 3.76 moles of N,. From the figure 12 it is
observed that, the maximum mass fraction of N, is 0.425
which is found out after combustion. Figure 18 shows that the
profile between the mass fraction of N, and the position of the
combustion on all conditions such as air inlet, fuel inlet,
pressure outlet, default interior and all walls, where the figure
19 shows that the profile between the mass fraction of N2 and
the position of the combustion on air inlet and pressure outlet.

F. Contours of mass fraction of O2
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Fig.21: Contours of Mass fraction of O2
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Fig.23: Contours of Mass fraction of O2 for air inlet and
pressure outlet

The contour of O, Mass fraction for the flow field
downstream of the injector is shown in the figure 21. Oxygen
is increased in every combustion reaction in combustion
applications and air provides the required oxygen. All
components other than air collected together with nitrogen. In
air 21% of oxygen and 79% of nitrogen are present on a molar
basis. From the figure 21 it is observed that, the maximum
mass fraction of O, is 0.187 which is found out after
combustion. Figure 22 shows that the profile between the
mass fraction of O, and the position of the combustion on all
conditions such as air inlet, fuel inlet, pressure outlet, default
interior and all walls, where the figure 23 shows that the
profile between the mass fraction of O2 and the position of the
combustion on air inlet and pressure outlet.
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Fig.24: Contours of Mass fraction of H20
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Fig.27: Contours of Mole fraction of H20

The contour of water Mass fraction for the flow field
downstream of the injector is shown in the figure 24. From the
figure 24 is observed that, water concentration is found to be
maximum value of 0.506 in the shear layer formed between
the two streams of flow and the low-velocity recirculation
regions within the core of the upcoming jet. Typically, when
dealing the chemical reaction, it’s important to remember that
mass is conserved, so the mass of product is same as the mass
of reactance. Even though the element exists in different the
total mass of each chemical element must be same on the both
side of equation. Figure 25 shows that the profile between the
mass fraction of H,O and the position of the combustion on all
conditions such as air inlet, fuel inlet, pressure outlet, default
interior and all walls, where the figure 26 shows that the
profile between mass fraction of H20 and the position of the
combustion on air inlet and pressure outlet.
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Fig.28: Contours of Mass fraction of H202
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The contour of mass fraction of H,0, is shown in figure 28.
From the figure 19 it is observed that, the maximum mass
fraction of H,0, is 9.519e-08 which is found out after _ =
combustion, where the minimum value is 0. Figure 29 shows Fig.33: Contours of mean pdf mixture
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Fig.34: X-Y mean pdf mixture
The contour of mean pdf mixture is shown in figure 33.
From the figure 33 it is observed that, the maximum value of
Fig.30: Contours of Mass fraction of OH mean pdf mixture is 1, where the minimum value is 0 which
are found out after combustion. Figure 34 shows that the
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Fig.32: Contours of Mole fraction of OH

The contour of mass fraction of OH is shown in figure 30.
From the figure 30 it is observed that, the maximum mass
fraction of OH is 0.0027 which is found out after combustion,
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Fig.38: Turbulent Dissipation Rate (g) (m?/s°) on air
inlet, fuel inlet, pressure outlet and the walls

VI. CONCLUSION

The computational analysis of 2D wedge-shaped strut
injector was carried out with k-E turbulence model for
exposing the flow structure of progress of hydrogen jet
through the areas disturbed by the reflections of oblique
shock. For that single step reaction kinetics has been used to
model the chemistry. The k-¢ turbulence model also predicted
the fluctuations in those regions where the turbulence is
reasonably isotropic. From the maximum mass fraction of OH
a very small amount of OH (2.70e-03) was observed after
combustion. By providing wedge-shaped strut injector,
expansion wave is created which cause the proper mixing
between the fuels and air which results in complete
combustion. The major attention was 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 recirculations in the lip area of the
injector and the shock reflections were well-captured. From

the simulation it was concluded that the maximum
temperature occurred in the recirculation areas which is
produced due to shock wave-expansion,  wave-jet
Published By:
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interaction and the fuel jet losses concentration and after
passing  successively through such areas, temperature
decreased slightly along the axis.
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