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ABSTRACT

A numerical analysis of the inlet-combustor interaction and flow structure through a scramjet engine at a
flight Mach number M = 6 with parallel injection (Strut with circular inlet) is presented in the present
research article. Three different angles of attack (a=-4°, a=0°, 0=4°) have been studied for parallel injection.
The scramjet configuration used here is a modified version of DLR scramjet model. Fuel is injected at
supersonic speed (M=2) through a parallel strut injector. For parallel injection, the shape of the strut is chosen
in a way to produce strong stream wise vorticity and thus to enhance the hydrogen/air mixing inside the
combustor. These numerical simulations are aimed to study the flow structure, supersonic mixing, and
combustion phenomena for the three different types of geometries along with circular shaped strut

configuration.
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1. INTRODUCTION

As the powered flight of X-43 A and X-51A
achieved success in the recent years, hydrogen-
fueled scramjet engines have become one of the
most promising air breathing propulsion
technologies in the future access to space and
hypersonic flight programs. Due to this, this area
has drawn an ever increasing attention of
researchers worldwide. For a number of reasons,
hydrogen is often considered as the fuel for
scramjets for hypersonic vehicles. But delay periods
are important part of high speed hypersonic vehicles
and information on delay periods for hydrogen-air
systems is not plentiful. The work on numerical
Investigation of a hydrogen-fueled scramjet
combustor at flight conditions are done by E.
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Rabadan et al. (2012, 2013) and their findings are,
as the equivalence ratio was increased, the
combustion became stronger causing an upstream
displacement of the shock train producing different
pressure variations. Computational analysis of
scram-jet combustor at flight Mach no 7 is done by
Pandey et al. (2015).They found that the shock
relocation inside the combustor improved the
burning and diminished the ignition delay Vadim
Yu. et al. (2010) worked on hypersonic technology
development concerning high speed air-breathing
engines and they found that small penetration of
fuel into supersonic flow causes combustion only
near to a wall, large losses of total pressure. K. A.
Skinner and R. J. Stalker (1996) worked on species
measurements in a hypersonic, hydrogen-air, and
combustion wake and found that at lower pressures,
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the ignition delay and heat release times will be
much greater than the mini-mum values of 0.5 and
1 ms respectively. J. Swithenbank et al. (1996)
worked on hypersonic air-breathing propulsion and
his findings are chemical rearrangement time for
combustion can be large at low temperature and
pressures. I. N. Momtchiloff et al. (1963) worked
on kinetics in hydrogen-air flow systems. And
calculations of ignition delays for hypersonic
ramjets and their findings are, the ignition delay
length increases rapidly at the lower flight Mach
numbers. Oldenborg, R.C (1989) worked on critical
reaction rates in hypersonic combustion chemistry
and found that High Mach number flight also
results in very short residence times (millisecond
time range) in a hypersonic engine which causes
poor chemical combustion efficiency. S. Yungster
and K. Radhakrishnan (2001) worked on simulation
of unsteady hypersonic combustion around
projectiles in an expansion tube and found that the
flame propagation produces a series of oblique
shock waves that reignite the core flow, creating an
oblique detonation wave whose interaction with the
laterally expanding boundary layer flame gives rise
to a normal detonation wave that propagates. K.
Kumaran and V. Babu (2009) worked on
investigation of the effect of chemistry models on
the numerical predictions of the supersonic
combustion of Hydrogen. And their findings are-
Multi step chemistry predicts higher and wider
spread heat release than what is predicted by single
step chemistry. Shigeru Aso et al. (2005) worked on
fundamental study of supersonic combustion in
pure air flow with use of shock tunnel and found
that the increase of injection pressure generated
strong bow shock, resulting in the pressure loses.
The shock generator is an effective method to
accelerate the combustion.

Based on these facts, the aim of the present study is
to investigate the flame holding and combustion
enhancement for three different angle of attack
geometries. Different parameters are studied, like
temperature, density contour, Mach number
distribution, wall pressure and combustion
efficiency. It is found that modified scramjet
combustors with negative angle of attack have
improved the combustion efficiency and it has
shorter ignition delay as compared to other two
geometries. The k— & Realizable computational
model is capable of predicting flow simulations
well and good.

2. GOVERNING EQUATIONS

The Standard k— ¢ is a well-established model
capable of resolving through the boundary layer.
The second model is Realizable k—¢, an
improvement over the standard k— € model. It is a
relatively recent development and differs from the
standard k— € model in two ways. The realizable k—
¢ model contains a new formulation for the
turbulent viscosity and a new transport equation for
the dissipation rate, ¢ that is derived from an exact
equation for the transport of the mean-square
vorticity fluctuation. Neither the standard k- ¢

model nor the RNG k- ¢ model is realizable. It
introduces a Variable Cp instead of constant.
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Combustion modeling

The most common combustion modelling approach
and also one used in this research work is the finite
rate/eddy dissipation model Single step chemistry
model is taken to find the flow physics phenomenon
inside the combustor at hypersonic condition. The
reaction used for the Scramjet was the hydrogen-
water reaction:

2H, + 0= 2H,0
2.1 The Scramjet Combustor

A schematic of the DLR (German Aerospace
centre) scramjet experimental facility, (1994, 1995,
1996), is presented in Fig. 1 which is taken for the
purpose of validation only. In our work we used
models which are different from Waidmann et al.
(1994, 1995, and 1996). The length of the scramjet
is 500 mm with a constant cross-section width of
65mm and maximum height of 71 mm. The strut
injector is located at axial position x = 140 mm.
Hydrogen fuel (H,) is injected parallel to the air
stream at M =2 through a row of 15 holes of the
strut each with a diameter of 1 mm and 2.4 mm
apart from each other in the strut base where as air
stream enters the combustor at M=6. The combustor
section has a width of 65 mm and a height of 60
mm at the entrance. The Schematic diagram of DLR
supersonic combustion chamber (1994, 1995, 1996)
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And modified scramjet combustor with a=0°angle
of attack is shown in Fig 1 and 2.
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Fig. 1. Schematic diagram of DLR supersonic
combustion chamber (1994, 1995, 1996).
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All dimensions are in mm

Fig. 2. Modified scramjet combustor with
o=0°angle of attack.

2.2 Mesh Generation

To reduce the computational time as much as
possible , but still retaining all relevant physics of
the scramjet combustor , the computational
configuration is simplified in the sense that ,all the
meshing, modeling and computational analyses are
done in 2D. In the present case all the 2 D models
are generated using ICEM-CFD and computational
analysis are done by wusing Ansys 14-Fluent
commercial software (2011). For all the geometries,
2D, unstructured quadrilateral grids are generated as
given in fig 3.

i

Fig. 3. Mesh generation in scarmjet combustor
for a=0°angle of attack.

2.3 Grid Convergence Test

Here grid independence test is carried out to
analyze the effect of grid number on the maximum
static temperature of the flow field. After
refinement a grid with 272136 element for circular
shaped injector have been taken as final grid for all
subsequent calculations.

2.4 Boundary Conditon

Three types of boundaries are applied: inflow,
outflow and fixed walls and the entire flow field is
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Fig. 6. Grid Independence Test for the strut with
circular inlet.

considered to be supersonic. Dirichlet boundary
conditions are applied for variables at inflow and
Neumann boundary conditions are used for all
variables at outflow. Also no slip condition is
applied on fixed walls. The computations are all
initialized with the state of incoming air

Table 1 Inflow conditions of the incoming air
stream and hydrogen jet for air Mach number 6

and H, Mach number 2
S.No | variables Air Hydrogen
1 Ma 6 2
2 T(k) 800 300
3 P(Pa) 5000 5000
5 Yoo 0.232 0
6 Yo 0.736 0
7 Y0 0.032 0
8 Yo 0 1

3. RESULTS AND DISCUSSIONS

All simulations are started with the state of
incoming air.

3.1 Validation of CFD Work

For parallel injection, fig.7 shows a view of the
flow together with a qualitative comparison of
experimental shadowgraph images and numerical
images for the cases of H, injection. With H,
injection, oblique shocks are formed at the tip of the
wedge that is later reflected by the upper and lower
walls. At the upper and lower walls, the boundary
layer is affected by the reflected oblique shocks. In
some places the reflected shock waves are deflected
by the hydrogen jets. Wall pressure distribution for
single strut with a=0°angle of attack as shown in fig
7(b) have good agreement with the DLR
experimental results reported in Oevermann (2000)

(a)
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Fig. 7. (a) Experimental shadowgraph (Schlieren
image of hydrogen injection) and contour plot of
density (b) Wall pressure distributions for
single-strut experimentally and with CFD
simulations. (2000).
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strut experimentally and with CFD simulations
(1995).

Fig.8 also represents temperature distribution at x =
275 mm for single-strut experimentally (1995) and
with CFD simulations for a=0°. Between the
experimental and computational result, reasonable
agreement is found, with a slightly higher peak
temperature for computational case.

3.2 Air Mach no=6, Hydrogen Mach no=2

Fig. 9 shows the temperature distribution for the
investigated angles of attack. The heat addition in
the combustor helps in changing both the static
temperature and the flow velocity. As a result, it is
reflected in an increase of total temperature. The
presence of chemical kinetics and chemical

equilibrium of heat release depends on the static
temperature. Hydrogen is transported and mixed
with the surrounding flow due to the stream wise
vorticity induced by the circular strut injector. After
hydrogen is mixed with air stream, there is sudden
increase in pressure and temperature which are
enough for auto ignition and then combustion starts.

a=4°

H
F

Contours of Static Temporature (k) Jun 07 2014

ANSYS FLUENT 14.0 (2d, dp. dbns imp, spe, Sstiw)
Fig. 9. Temperature distribution for different
angle of attack [a=-4°, 0=0°, 0=4°] for M=6.

The generation and strength of the vortices depends
mainly on the injector's geometry. The ignition
delay is affected by the variation of the angle of
attack. The shortest ignition delay is observed for
the configuration with o=-4° while the longest
ignition delay appears for a=4°. The highest
temperature is registered for a negative angle of
attack a=-4° approximately Tmax = 2600K. For the
configuration with an angle of attack o=-4°, the
increase in temperature takes place approximately
30 mm downstream of the injection. For the
configuration with 0=0°, a=4° the ignition delay is
approximately 70 mm and 85 mm.
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Fig. 10. Density distribution for different angle
of attack [0=-4°, a=0°, 0=4°] for M=6.

Fig.10 represents the contour of density for
different angle of attack. Here with H, injection,
oblique shocks are formed at the tip of the wedge
that is later reflected by the upper and lower walls.
At the upper and lower walls, the boundary layer is
affected by the reflected oblique shocks. In some
places the reflected shock waves are deflected by
the hydrogen jets. The boundary layer on the wedge
surface separates at the base and a shear layer is
formed. This shear layer is naturally unstable and is
therefore prone to break-up. Because of the one-
sided divergent channel the upper reflecting shock
hits the H, filled wake further downstream than the
lower shock. In some places the reflected shock
waves are deflected by the hydrogen jets. After
some distance the flow in the wake of the wedge is
accelerated back to supersonic speed. A small
triangular recirculation region is formed just behind
the wedge caused by low velocity.

Fig. 11 shows variation of the Mach number for
three different geometries of scramjet combustor at
the different level, at the entrance the air Mach no is
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6, at the base of the circular strut the hydrogen is
injected at Mach no 2. For all the geometries, in the
middle of the chamber the Mach number values are
reduced to below 2. It happened due to shape of the
Strut and interaction of different waves.

I
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o=-4°

Conbours of Mach Number Jun 07, 2014

ANSYS FLUENT 14.0 (24, dp, dbns imp, spe, sstiw)
Fig. 11. Computed Mach number distribution
for different angles of attack (o) for M=6.

Conlours of Stalic Pressure (pascal)

Jun 07, 20%
ANSYS FLUENT 14.0(2d, d, dbns imp, spe, sstkw)

Fig. 12. Computed pressure distribution for
a=0°angles of attack.

Fig. 12 represents the computed pressure
distribution for o=0°angle of attack where at the
leading edge of the circular strut injector a shock is
formed. This shock travels downstream and is
deflected at the top and bottom wall. The shock
loses its intensity as its travels towards the outlet.

Wall pressure (kP

1] o1 0z 03 0.4 08

Lengih tm)

Fig. 13. Computed wall pressure distribution at
the top wall for different angle of attack. [M=6].

Fig. 13 shows the computed wall pressure
distribution at the top wall for different angle of
attack (M=6). The highest pressure peak at the top
wall is registered at approx. X= 120mm with a
corresponding pressure p= 250kPa. This maximum
value is observed for a=-4° i.e. for negative angle of
attack.

4. PERFORMANCE MEASURES

A useful parameter to identify the combustor
performance is the combustion efficiency.

4.1 Combustion Efficiency

The combustion efficiency 7 .~ represents how

much of the hydrogen has been burned in a given
cross section (A,) with respect to the total injected
hydrogen. The combustion efficiency is defined by
Gerlinger (2008) as:

ncamb ('x) = 1 —w (7)

m
Hoing

Where p is the gas density, Y, is the mass

fraction of hydrogen, mH ~ is the injected hydrogen

mass flux, and U is the velocity component normal
to the cross section. The combustion efficiency is
presented in fig 14. The plot starts right after the
trailing edge of the circular strut injector (x =
140mm) since no hydrogen is available in upstream
direction. The ignition of the fuel-air mixture takes
place downstream of the trailing edge of the
injector. The combustion efficiency grows near the
injection region where hydrogen is rapidly mixed
due to the strong stream wise vorticity. For high
equivalence ratios, the combustion efficiency
decreases as a consequence of the decrease in the
mixing efficiency due to high values of hydrogen
mass flow. As the vortices travel downstream, they
become weak and their ability to spread the fuel
into the surrounding flow decreases. This leads to a
decrease in mixing and consequently in combustion
efficiency as the mixing is not sufficient. In present
case the highest combustion efficiency is observed
for three struts injection system (approx 88%) as
compared to two struts (70%) as well as single strut
injection (44%) system
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Fig. 14. Computed combustion efficiency for
different angles of attack. [M=6].

5. CONCLUSION

In this research work, k—¢ Realizable
computational  turbulence model, the finite
rate/eddy-dissipation reaction model and single step
chemistry are employed to simulate the hypersonic
flow field of the hydrogen fueled scramjet
combustor with two types of strut flame holder
(strut with circular injector), for three angle of
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attack (0=-4°0=0°, 0=4°). Different flow and
performance parameters like static wall pressure,
temperature, Mach number, and density distribution
as well as combustion efficiency were discussed.
The following results are obtained:

e [t is observed that computational results having
a good agreement qualitatively — and
quantitatively with experiments for o=0°angle
of attack

e Again there is no influence of the strut injector
in upstream direction towards the isolator was
found as that of Rabadan et al.

e Shock train is displaced in upstream direction
for a negative angle of attack was observed.
This shock displacement enhanced the
combustion and decreased the ignition delay.
This shock modifies the shock pattern in the
combustor.

e It was also observed that maximum temperature
occurred in the recirculation areas for a=-4°
approx.2600 K as compared to o=0° and
0=4°.The ignition delay is also found to be
shorter for 0=-4°

e Combustion efficiency is found to be highest
(approx.88%) in case of a=-4° as compared to
0a=0° and o=4°.
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